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In plants and in the seaweed Ulva a class of bacterial signaling molecules, N-acyl-
homoserine lactones (AHLs), have been demonstrated to induce responses such as 
growth stimulation, alteration of root morphology, induced resistance and 
chemokinesis. These specific responses by eukaryotes to prokaryotic signaling 
molecules coined the term “cross-kingdom interactions”. In diffusion-limited 
environments, such as the phycosphere or biofilms, diatoms and bacteria live in close 
proximity to each other. Recently, these microenvironments have been proposed as 
places where diatoms might be exposed to a range of bacterial quorum sensing (QS) 
signaling molecules, such as AHLs and alkyl-quinolones (AQs). However, to date very 
little is known about responses of diatoms to these bacterial signaling compounds and 
their distribution and concentrations in diatom-dominated habitats. Hence, by 
conducting sediment extractions and quantification of AHLs from biofilms, this thesis 
elucidates their presence in intertidal diatom-biofilms. Furthermore, physiological 
studies clarified how a number of growth inhibiting QS compounds interfered with 
diatom photosynthesis. Finally, this thesis is concluded with a transcriptome study to 
obtain a broader perspective on changes in gene expression induced by two AHLs 
homologs and an AHL-derived bioactive tetramic acid rearrangement product.     
In chapter 2 we describe a methodological approach to measure in situ AHL 
concentrations in intertidal biofilms from field sampling to compound quantification. 
By employing contact cores for biofilm sampling, pooled samples allowed to not only 
measure AHL concentrations but also to obtain metadata, such as grain size and 
organic matter content. Furthermore, a powerful separation method was established 
which combined a short measuring time (< 10 min) with high peak separation. In total, 
eight AHLs were identified in biofilm samples, three of which could be quantified using 
internal standards. The quantified AHLs were all non-functionalized AHLs. Using 
organic matter content for quantification we measured AHL concentrations in the 
pmolar range.   
Chapter 3 presents a physiological study on the growth-inhibiting effect of N-3-
oxododecanoyl homoserine lactone (OXO12) on the diatom Phaeodactylum 
tricornutum. Growth inhibition was hypothesized to be caused by a bioactive tetramic 
acid (TA12), a structural rearrangement product of OXO12. Experiments with OXO12 





stronger compared OXO12 with a minimum inhibitory concentration between 20 and 
50 . By probing chlorophyll fluorescence, it was determined that TA12 inhibited 
electron flow from QA to QB in photosystem II (PSII), a finding which was supported by 
additional experiments on other diatoms and phytoplankton communities. These 
results suggest that tetramic acids might provide bacteria producing 3-oxo-AHLs with 
an additional chemical defense against neighboring diatoms and could play an 
important role in shaping diatom-bacteria interactions.   
In chapter 4, we executed a range of photo-physiology experiments using different 
fluorescence measurements to investigate the mode of action of alkyl-quinolones. 
Detailed studies on the quinolone 2-heptyl-4-quinolone (HHQ) showed that HHQ-
treated P. tricornutum responded differently to the quinolone compared to the potent 
PSII inhibitor DCMU and tetramic acids ruling out that the primary molecular target 
of HHQ was PSII. Additional experiments indicated that the site of inhibition was the 
cytochrome b6f complex where we measured a 20-fold decrease in activity when HHQ 
was applied. Furthermore, it was observed that mitochondrial respiration was also 
inhibited by HHQ. Blockage of mitochondrial respiration resulted in a reduced ATP 
supply to chloroplast ATPase which explained a decrease in the thylakoid electric field 
strength in dark adapted samples treated with HHQ. This study shows that the 
functions of alkyl-quinolones go beyond quorum sensing and provide quinolone-
producing bacteria with a powerful algicide to keep microalgae such as diatoms at bay. 
Chapter 5 presents data from a transcriptome experiment where the benthic diatom 
Seminavis robusta was treated with two AHL homologs (C14 and OXO14), and a 
tetramic acid rearrangement product (TA14). Growth of S. robusta was stimulated by 
the addition of C14 while treatment with OXO14 and TA14 induced growth inhibition. 
Analysis of the expression data revealed that approximately 12% of all sequenced genes 
were differentially expressed in at least one treatment and that the expression profiles 
of the OXO14 and the TA14 treatment shared more similarities with each other 
compared to the C14 treatment. Regarding the diatom’s transcriptional response, C14 
predominantly induced upregulation of genes involved in intracellular signaling. In 
contrast, treatment with OXO14 and TA14 induced a shift in lipid metabolism towards 
increased fatty acid degradation as well as upregulation of key enzymes of the 
glyoxylate pathway. Furthermore, OXO14 addition led to downregulation of cell cycle 
genes which likely hampered cell cycle progression which fits to the observation that 
cell growth stagnated in this treatment. These results suggest that exposure to TA14 




and OXO14 predominantly induced stress related genes whereas C14 addition induced 
upregulation of signaling related genes indicating that S. robusta responds differently 
to structurally similar AHLs and their TA derivatives.      
In summary, this thesis provides novel insights into QS-mediated interactions 
between diatoms and bacteria and proofs that a diverse array of AHLs is present in a 
diatom’s environment. Furthermore, we show that QS molecules can have additional 
functions as algicidal compounds which specifically target photosynthesis as it was 
observed for alkyl-quinolones and tetramic acids. Finally, a transcriptome study 
showed that AHL- and TA-treatment induced wide changes in gene expression of a 
benthic diatom suggesting that we are only beginning to unravel how diatoms perceive 










In planten en in het zeewier Ulva is aangetoond dat een klasse van bacteriële 
signaalmoleculen, N-acyl-homoserine lactonen (AHL's), reacties induceren zoals 
groeistimulatie, verandering van de wortelmorfologie, geïnduceerde resistentie en 
chemokinese. Deze specifieke reacties van eukaryoten op prokaryotische 
signaalmoleculen vallen onder de term "cross-kingdom" interacties. In diffusie-
beperkte omgevingen, zoals de fycosfeer of biofilms, leven diatomeeën en bacteriën 
dicht bij elkaar. Onlangs werden deze micro-omgevingen voorgedragen als plaatsen 
waar diatomeeën kunnen worden blootgesteld aan een reeks bacteriële quorum 
sensing (QS) signaalmoleculen, zoals AHLs en alkyl-chinolonen (AQs). Tot op heden is 
weinig gekend over zowel hun verdeling als in welke concentraties deze verbindingen 
voorkomen als welke reacties deze bacteriële signaalverbindingen teweeg brengen in 
door diatomeeën gedomineerde habitats. Dit proefschrift heldert de aanwezigheid van 
AHL’s op in intertidale diatomeebiofilms na het kwantificeren van sedimentextracten. 
Bovendien verduidelijkten fysiologische onderzoeken hoe een aantal groeiremmende 
QS-verbindingen de diatomeeënfotosynthese verstoorden. Ten slotte wordt dit 
proefschrift afgesloten met een transcriptoomonderzoek om een breder perspectief 
te verkrijgen op genexpressieveranderingen geïnduceerd door twee AHL-homologen 
en een tetramzuur (bioactief omleggingsproduct van AHL’s). 
In hoofdstuk 2 beschrijven we een methodologische benadering voor het meten van 
in situ AHL-concentraties in intertidale biofilms, gaande van veldbemonstering tot 
kwantificatie van de verbindingen. Door contactkernen te gebruiken voor het nemen 
van biofilms, konden naast AHL-concentraties ook metadata verkrijgen worden zoals 
korrelgrootte en organischestofgehalte. Verder werd een krachtige 
scheidingsmethode tot stand gebracht die een korte meettijd ( < 10 min) combineerde 
met een hoge piekscheiding. In totaal werden acht AHL’s geïdentificeerd in 
biofilmmonsters, waarvan er drie met interne standaarden konden worden 
gekwantificeerd, waarbij de gekwantificeerde AHLs allen niet-gefunctionaliseerd 
waren. Gebruikmakend van het organischestofgehalte voor kwantificering, maten we 
AHL-concentraties in het picomolair bereik. 
Hoofdstuk 3 presenteert een fysiologisch onderzoek naar het groeiremmende effect 
van N-3-oxododecanoyl homoserine lacton (OXO12) op het diatomee Phaeodactylum 





de spontane structurele omlegging van OXO12 tot het bioactieve tetramzuur TA12. 
Experimenten met OXO12 en TA12 toonden aan dat groeiremmende effecten van TA12 
op P. tricornutum sterker waren in vergelijking met OXO12, met een minimale 
remmende concentratie tussen 20 en 50 µM. Door de chlorofylfluorescentie te 
onderzoeken werd vastgesteld dat TA12 de elektronenstroom van QA naar QB remde in 
fotosysteem II (PSII), een bevinding die werd ondersteund door aanvullende 
experimenten met andere diatomeeën en fytoplankton-gemeenschappen. Deze 
resultaten suggereren dat tetramzuren mogelijk bacteriën, die 3-oxo-AHLs 
produceren, van een extra chemische verdediging tegen naburige diatomeeën 
voorzien en een belangrijke rol zouden kunnen spelen bij het vormen van diatomee-
bacterie-interacties. 
In hoofdstuk 4 hebben we een reeks fotofysiologie-experimenten uitgevoerd met 
behulp van verschillende fluorescentiemetingen om de werkingswijze van alkyl-
chinolonen te onderzoeken. Gedetailleerde studies van de chinolon HHQ toonden aan 
dat met HHQ behandeld P. tricornutum anders reageerde op het chinolon in 
vergelijking met de krachtige PSII-remmer DCMU en tetraminezuren, waarbij werd 
uitgesloten dat het primaire moleculaire doelwit van HHQ PSII was. Aanvullende 
experimenten duidden aan dat de remmingsplaats het cytochroom b6f-complex was, 
waarbij we een 20-voudige afname in activiteit maten na het toedienen van HHQ. 
Verder werd waargenomen dat mitochondriale ademhaling ook werd geremd door 
HHQ. Blokkering van mitochondriale ademhaling resulteerde in een verminderde 
ATP-toevoer naar chloroplast-ATPase, hetgeen een afname in de thylakoïde 
elektrische veldsterkte verklaarde in donkeraangepaste monsters behandeld met 
HHQ. Deze studie toont aan dat de functies van alkyl-chinolonen verder gaan dan QS 
en en dat ze quinolonproducerende bacteriën een krachtige algicide aanbieden om 
microalgen zoals diatomeeën op een afstand te houden. 
Hoofdstuk 5 presenteert de gegevens van een transcriptoomexperiment waarbij het 
benthisch kiezelwier Seminavis robusta werd behandeld met twee AHL-homologen 
(C14 en OXO14) en een tetraminezuuromleggingsproduct (TA14). De groei van S. 
robusta werd gestimuleerd door toevoeging van C14, terwijl behandeling met OXO14 
en TA14 groeiremming induceerde. Analyse van de expressiegegevens onthulde dat 
ongeveer 12% van alle gesequeneerde genen differentieel tot expressie werden 
gebracht in ten minste één behandeling en dat de expressieprofielen van de OXO14- 
en de TA14-behandeling meer overeenkomsten met elkaar hadden in vergelijking met 




de C14-behandeling. Wat betreft de transcriptionele respons van het diatomee, 
induceerde C14 voornamelijk een opregulatie van genen die betrokken zijn bij 
intracellulaire signalering. Daarentegen induceerde de behandeling met OXO14 en 
TA14 een verschuiving van het lipidemetabolisme naar verhoogde vetzuurafbraak 
evenals opwaartse regulatie van sleutelenzymen van de glyoxylaatroute. Verder leidde 
toevoeging van OXO14 tot een neerwaartse regulatie van celcyclusgenen die 
waarschijnlijk de voortgang van de celcyclus belemmerden, wat past bij de 
waarneming dat de celgroei stagneerde in deze behandeling. Deze resultaten 
suggereren dat blootstelling aan TA14 en OXO14 hoofdzakelijk stressgerelateerde 
genen induceerde, terwijl toevoeging van C14 opwaartse regulatie van 
signaalgerelateerde genen induceerde, wat aangeeft dat S. robusta anders reageert op 
structureel vergelijkbare AHL's en hun TA-derivaten. 
Samenvattend biedt dit proefschrift nieuwe inzichten in QS-gemedieerde interacties 
tussen diatomeeën en bacteriën en bewijzen dat een diverse reeks AHL's aanwezig zijn 
in de omgeving van diatomeeën. Verder laten we zien dat QS moleculen extra functies 
kunnen hebben als algicide verbindingen die specifiek gericht zijn op fotosynthese 
zoals werd waargenomen voor alkyl-chinolonen en tetraminezuren. Tot slot toonde 
een transcriptoomstudie aan dat AHL- en TA-behandelingen brede veranderingen in 
genexpressie van een bentisch diatomee induceerden, wat suggereert dat we nog 
maar net beginnen te ontrafelen hoe diatomeeën bacteriële signaalmoleculen 










General Introduction and Thesis Outline  
 
Frederike Stock1 







1.1 Diatoms:  a brief characterization 
Diatoms are single celled photosynthetic eukaryotes and one of the most diverse and 
important groups of microalgae contributing approximately 20% to global 
photosynthesis (Armbrust 2009). In the eukaryotic tree of life, which is dominated by 
protists, diatoms belong to the “supergroup” of the stramenopiles (= heterokonts), a 
major lineage among the eukaryotes. Next to diatoms this group also includes giant 
kelps (Phaeophytes), as well as (generally) parasitic oomycetes (Milius 2015; Worden et 
al. 2015) (Figure 1.1).   
 
Figure 1.1 The eukaryotic tree of life is dominated by protists.The tree can be divided in seven 
supergroups where humans are part of the ophistokonts (indicated with a red star) and diatoms 
are part of the stramenopiles (indicated with a green star). (Graph was taken from Milius 
(2015) which was adapted from Worden et al. (2015))  






Worldwide diatoms are found in almost any kind of aquatic environment, ranging from 
fresh water to marine environments, thereby inhabiting a wide range of ecological 
niches and biomes (Malviya et al. 2016; Vanormelingen et al. 2007). Diatoms show a 
great variation in shapes and sizes and are most abundant in areas with sufficient light 
and nutrients, such as coastal regions (Malviya et al. 2016). It is estimated that diatoms 
arose approximately 250 million years (Myr) ago during the Triassic period and the 
number of extant diatom species is projected in the range between  100,000 and 
200,000 species (Mann 1999; Mann and Vanormelingen 2013).  
One unique feature of diatoms is their 
ornamented silica shell (frustule), composed of 
two overlapping halves (valves), which fit 
together like a box with a lid (Medlin et al. 1993). 
With its ridges, pores and tubular structures 
the frustule is beautiful to look at with a 
microscope and already inspired the German 
biologist Ernst Haeckel to incorporate diatoms 
in his book “Kunstformen der Natur” in 1904 
(Figure 1.2). Silica shells of diatoms are so 
unique that they served as one of the main 
features for diatom classification before the 
advent of molecular techniques and allow to 
distinguish two major diatom groups, i.e. 
centric and pennate diatoms (Round et al. 1990; 
Chepurnov et al. 2004). Most centric diatoms have circular valves whereas the valves 
of pennate diatoms are bipolar. However, despite making diatoms very sturdy, the 
silica shell restricts diatoms in growth and leads to a size decrease of the population 
over time. During their characteristic mitotic cell division each valve of the mother cell 
becomes the new “lid” of the daughter cell and a new, smaller, counterpart is formed 
(Figure 1.3). Over time diatoms eventually pass a certain size threshold upon which 
they must reproduce sexually to regain their initial cell size (Medlin et al. 1993).   
Figure 1.2 Diatom illustrations by 






Figure 1.3 Asexual and sexual reproduction of a centric diatom. The diatom shell (frustule) is 
composed of two valves which fit together like a box with a lid. During asexual reproduction the 
two valves separate with each valve becoming the new “lid” of the daughter cell leading to a 
decrease in size of the population over time. Once a size threshold is reached, initial cell size is 
restored by sexual reproduction during which haploid gametes fuse to produce zygotes that 
develop into auxospores. Graphic taken from Kale and Karthick (2015).  
In the past twenty years the first diatom genomes were sequenced, starting with the 
ubiquitous marine diatom Thalassiosira pseudonana (Armbrust et al. 2004), opening 
new possibilities to study diatoms as model organisms for marine biology (Kroth et al. 
2018; Armbrust 2009). Shortly after, the genome of Phaeodactylum tricornutum, a 
diatom which is nowadays often used as a model diatom despite its lack of a silica shell, 
became publicly available (Bowler et al. 2008). The number of diatom genomes 
expanded with sequencing of Thalassiosira oceanica (Lommer et al. 2012), Cyclotella 
cryptica (Traller et al. 2016), Fragilariopsis cylindrus (Mock et al. 2017), Pseudo-nitzschia 
multiseries, Pseudo-nitzschia multistriata (Basu et al. 2017), Fistulifera solaris (Tanaka 
et al. 2015) and Synedra acus (Galachyants et al. 2015) and continues to grow with two 
new diatom genomes being on their way (Seminavis robusta (in prep.) and 
Cylindrotheca closterium, personal communication with Wim Vyverman). These 
sequencing efforts have provided novel insights in the genetic diversity of diatoms 
from different habitats and showed that diatom genomes vary greatly from each other. 
For example, the genomes of Thalassiosira and Phaeodactylum, which are estimated to 
have diverged 90 Myr ago, share as much similarity as the genomes of fish and 
mammals, two groups which diverged approximately 550 Myr ago! 





Furthermore, these sequencing efforts revealed that a multitude of diatom genes are 
of bacterial origin (Armbrust 2009; Bowler et al. 2008). Analysis of the Phaeodactylum 
genome, for example, highlighted that 784 predicted genes, representing 7.4% of gene 
models, seem to have been transferred from bacteria (Bowler et al. 2008). This number 
is higher than in other sequenced eukaryotes suggesting that horizontal gene transfer 
(HGT) between diatoms and bacteria has played a major role in shaping the genetic 
landscape of diatoms. In addition, genes derived from bacteria are likely to have 
conferred novel metabolic properties to diatoms in terms of organic carbon and 
nitrogen utilization as well as a functioning urea cycle to name a few examples (Bowler 
et al. 2008). Furthermore, the origin of bacterial genes cannot be traced back to one 
source indicating that the transferred genes have multiple prokaryotic sources 
including cyanobacteria, proteobacteria and archaea (Bowler et al. 2008). HGT has also 
been suggested to be involved in the colonization of sea ice by diatoms (Raymond and 
Kim 2012). Over 200 diatom species are described which thrive in sea ice, a feature 
that is likely caused by the production of ice-binding proteins which help to make sea 
ice more habitable and facilitate the attachment of cells to ice (Raymond and Kim 
2012). High sequence-similarities between bacterial and diatom ice-binding proteins 
have been identified making HGT between sea-ice colonizing bacteria and diatoms the 
simplest explanation for the similarities (Raymond and Kim 2012).  
1.2 Diatoms: a key ecological group of microalgae  
Diatoms are major constituents of phytoplankton communities and make up one of 
the largest components of marine biomass in today’s oceans (Benoiston et al. 2017). 
Diatoms dominate in high latitudes and polar environments, especially at the edges of 
sea ice (Benoiston et al. 2017). Furthermore, they are highly abundant in well-mixed 
coastal and upwelling regions, for example in the Peruvian and the Benguela upwelling 
system. While diatoms are able to endure long periods with low light and nutrient 
limitation, they proliferate rapidly during upwelling events when cold, nutrient rich 
water rises to the surface. During these diatom blooms they outcompete other 
phytoplankton in number because of their comparably short generation time. Diatom 
blooms usually occur during spring and can even be observed from space due to their 
large scale (Figure 1.4). Diatom blooms often disappear as quickly as they occurr once 






Diatoms are also crucial for several biogeochemical processes, i.e. by generating 
oxygen, removing CO2 from the atmosphere and recycling of elemental nutrients 
(Benoiston et al. 2017). By fixing CO2 via photosynthesis, they produce organic matter 
which can be consumed by other 
marine organisms, e.g. hetero-
trophic bacteria or zooplankton, 
making diatoms the base of the 
marine food web (Benoiston et al. 
2017; Worden et al. 2015). In 
numbers, diatoms are estimated to 
be responsible for 70% of primary 
production in coastal upwelling 
systems, 50% of primary 
production in temperate and 
subpolar regions (during spring & 
summer) and 40% of total primary 
production in the ocean (Benoiston 
et al. 2017).  
1.3 Microenvironments that foster diatom-bacteria 
interactions 
Ecologically, diatoms form the base of the marine food web and are crucial for carbon 
and nutrient cycling in the oceans (Vanormelingen et al. 2007; Benoiston et al. 2017; 
Armbrust 2009). However, their productivity is tightly linked to the availability of 
limiting nutrients, such as vitamins and minerals, and often a result of their close 
interactions with other microbes such as bacteria (Amin et al. 2012). An increasing 
body of work on phytoplankton-bacteria relationships suggests that interactions 
occur on a microscale in the immediate surroundings of the algal cell. Therefore, the 
following sections characterize the microenvironment around an algal cell in more 
detail. First, the concept of the phycosphere is explained which is followed by a 
characterisation of benthic biofilms, an environment to which many features of the 
phycosphere apply.  
Figure 1.4 Satellite picture of an algal bloom.  
Algae bloom off the southern coast of Devon, 
Cornwall, UK, in 1999. (Picture taken from 
Wikimedia “Algal bloom”, accessed June 3rd, 2019)  





1.3.1 The phycosphere 
The term “phycosphere” was first introduced by Bell and Mitchell (1972) and 
characterised as a zone “extending outward from an algal cell or colony for an undefined 
distance, in which bacterial growth is stimulated by extracellular products of the alga”. 
They hypothesized that the phycosphere might share similarities with the 
rhizosphere, a space enriched in organic substances surrounding plant roots, where 
microorganisms interact with plants (Seymour et al. 2017). Since the first mention of 
the term “phycosphere” in 1972, researchers have indeed identified many parallels 
between the rhizo- and the phycosphere and it is now widely accepted that the 
phycosphere presents an interface with distinct physical and chemical properties 
(Figure 1.5) (Seymour et al. 2017).  
 
Figure 1.5 The phycosphere is the analogous microenvironment to the rhizosphere. While the 
rhizosphere (left) represents an interface for interactions between plants and bacteria, the 
phycosphere (right) is defined as a microenvironment enriched in nutrients surrounding 
phytoplankton cells facilitating interactions between bacteria and phytoplankton. Graphic taken 
from Seymour et al. (2017).     
 
In aquatic environments, all microorganisms smaller than 100 µm are surrounded by 
a thin fluid layer, called diffusive boundary layer, which does not mix with surrounding 
fluid (Amin et al. 2012). Within this diffusive boundary layer, diffusion plays the main 
role in the transport of metabolites leading to steep chemical gradients within the 
phycosphere (Amin et al. 2012; Cirri and Pohnert 2019). For example, within a 5 µm 
distance from a bacterial cell, concentrations of compounds released by bacteria 
decrease 10-fold, highlighting that spatial proximity between bacteria and microalgae 
is crucial for the exchange of metabolites (Seymour et al. 2017). Furthermore, the size 





can be compressed and/or distorted by cell motility and fluid motion (Amin et al. 2012; 
Seymour et al. 2017). 
Colonization of the phycosphere by bacteria can occur in different ways, e.g. via 
random encounters or chemotaxis (Seymour et al. 2017). Non-motile bacteria and non-
motile plankton cells purely rely on Brownian motion to encounter each other 
(Seymour et al. 2017). Following the rules of Brownian motion, Seymour et al. (2017) 
calculated that a bacterial cell would only encounter a phytoplankton cell every 286 
days  (bacterial size: 1 µm; bacterial density: 106 cells mL-1; plankton size: 15 µm; 
plankton density 103 cells mL-1). Strikingly, the encounter rate can increase 2000-fold 
if bacteria are motile, a property which applies to many marine bacteria, and increases 
even further if bacteria are chemotactic (Seymour et al. 2017). Once in reach of an algal 
cell, many bacteria have been demonstrated to physically attach themselves, likely by 
the excretion of polysaccharides and proteins (Amin et al. 2012).  
Interestingly, bacteria living in close association with diatoms are often restricted to 
a handful of phylotypes with proteobacteria (Alpha- and Gammaproteobacteria) and 
Bacteroidetes being most frequently identified (Amin et al. 2012; Grossart et al. 2005). 
Among them, specific genera have been described in several studies, especially 
Sulfitobacter, Roseobacter, Alteromonas and Flavobacterium (Amin et al. 2012; Grossart 
et al. 2005; Schäfer et al. 2002). However, these studies represent observations from a 
limited number of model organisms in long-term laboratory cultures with little 
information about where these diatoms were originally isolated. This is why Ajani et 
al. (2018) went out to collect “fresh” diatom samples and study their microbiomes. They 
investigated bacterial assemblages of 36 Leptocylindrus isolates comprised of three 
species (L. danicus, L. convexus, L. aporus), which were collected at six different 
locations at the Australian coastline over one year. Leptocylindrus is one of the most 
abundant diatoms in the world and a major component of the Australian diatom spring 
bloom. Results of 16S amplicon sequencing of bacterial communities showed that the 
diatom’s microbiome was dominated by Proteobacteria (81.8%) and Bacteroidetes 
(17.8%). On a family level, the most commonly observed families were 
Rhodobacteraceae (60.6%) followed by Flavobacteriaceae (10.4%), a finding that was 
consistent with previous studies. In addition, the most frequently occurring and 
relative abundant OTU was identified as Roseovarius sp. (Rhodobacteraceae), it was 
the only “core OTU”, indicating that it was identified in all samples (Ajani et al. 2018).  





In addition, the study investigated if microbiome structure differed between 
replicates, species, sampling time, and sampling location. While no significant 
differences in bacterial community composition were observed between replicates 
and diatom species (Figure 1.6A and B), microbiomes of strains collected at different 
locations and time points did show significant differences (Figure 1.6C and D). For 
instance, all strains collected at beaches close to the Sydney urban area clustered 
together (Clovelly= CLO, Maroubra = MAR, Coogee = COOG) and were set apart from 
isolates collected at the most southern (Twofold bay = TF) and northern point (Coff 
Harbor = CH) of the sampling campaign. These results showed for the first time that 
the bacterial community composition associated to a diatom underlies temporal and 
spatial dynamics (Ajani et al. 2018). 
 
 
Figure 1.6 Two-dimensional multivariate scatter plots showing variation between bacterial 
communities. No significant differences in bacterial community composition were detected 
between replicates (107 replicates) (A) and diatom species (3 species) (B). However, 
microbiomes of isolates collected at different time points (4 months) (C) and sampling 
locations (six locations) (D) showed differences that were statistically significant. Graph taken 






1.3.2 Benthic biofilms 
Microorganisms frequently live in dense and diverse microbial assemblages, called 
biofilms, where microbes, such as diatoms and bacteria, are embedded in a polymeric 
matrix which protects them from environmental stresses (Nadell et al. 2016; de 
Carvalho 2018). In marine environments, biofilms can form on any submerged 
substratum, for example on rocks, macroalgae but also on soft sediments like sand 
(Molino and Wetherbee 2008). Extracellular polymeric substances (EPS) are produced 
by bacteria and diatoms and has multiple functions such as adhesion and habitat 
stabilisation. In addition, EPS facilitates the “gliding” of motile diatoms (Molino and 
Wetherbee 2008). Diatom EPS is composed of an undefined mixture of carbohydrates 
followed by proteins and proteoglycans (Molino and Wetherbee 2008). Within biofilms 
diffusion is the main way of solute transport (Stewart 2003). However, compared to 
diffusion in water, diffusion in biofilms is limited by EPS and high cell densities which 
reduce fluid flow (Stewart 2003).  
One example for diatom-dominated biofilms are intertidal biofilms, which form on the 
sediment at the interface between land and sea. They are one of the most productive 
marine ecosystems due to their high rates of primary production (Van Colen et al. 
2014). Intertidal biofilms are dominated by motile pennate diatoms which can not only 
move on surfaces but also move up and down in soft sediment. This motility is a great 
advantage in intertidal biofilms where environmental parameters (especially 
temperature, UV radiation and salinity) can change drastically during the tidal cycle 
(Van Colen et al. 2014). The high diatom density in intertidal biofilms is also visible by 
eye, especially during spring, when the sediment in the intertidal zone is covered with 
a slimy brown layer (Figure 1.7A).  
While biofilms are indispensable for bio-geochemical cycling, they can also become 
problematic when they form on man-made surfaces such as ship-hulls, a process that 
is often referred to as biofouling (Figure 1.7B) (de Carvalho 2018). Once a surface is 
submerged, it only takes a few hours for marine bacteria to settle on the surface and 
produce EPS which alters the physical properties of the surface (de Carvalho 2018). 
Colonization of the surface is typically followed by unicellular eukaryotes, such as 
diatoms (within a few days) before multicellular organisms like algae and barnacles 
attach to the surface (de Carvalho 2018). Biofouling can cause great economic damage, 
e.g. because affected ship-hulls increase in weight and drag which result in higher fuel 





consumption (Molino and Wetherbee 2008). In 2010 it was estimated that the costs 
related to hull-fouling in the surface fleet of the US Navy was between 180 and 260 
million dollars (de Carvalho 2018). To avoid biofouling, effective anti-fouling coatings 
have been developed in the past but they caused major environmental impacts which 
is why biocidal antifouling-coatings containing organotins were forbidden in 2003 
(Molino and Wetherbee 2008). 
Interactions between microorganisms in biofilms are a highly relevant field of study 
because of their environmental and industrial relevance. However, to date many 
studies on diatom-bacteria interactions have focused on model diatoms like the 
centric diatom Thalassiosira (Durham et al. 2015; Durham et al. 2017; Torres-Monroy 
and Ullrich 2018; van Tol et al. 2017) or Phaeodactylum (Paul and Pohnert 2011). For this 
reason, not much is known about interactions between biofilm forming diatoms and 
bacteria. However, with a genome sequence of Seminavis robusta on its way, the list 
of diatom genomes will soon be expanded with a benthic biofilm forming diatom. A 
draft genome of S. robusta was already used in this thesis for the transcriptome study 
in chapter 5.    
    
1.4 Phytoplankton-bacteria interactions  
Research on phytoplankton-bacteria interactions has drastically increased in the last 
decade and omics-technologies, such as transcriptomics, proteomics, metabolomics 
and combinations thereof, have started to shed light on the underlying molecular 
Figure 1.7 Biofilms. (A) Intertidal mudflat covered with biofilm. Diatom-dominated biofilms are 
visible as dark brown patches on the sediment. (Picture taken by Renaat Dasseville). (B) Ship-





mechanisms and the potential ecological role of these interactions. These novel 
approaches also highlighted that phytoplankton-bacteria interactions are 
multifaceted and highly dynamic. The following outline provides a short overview of 
some well described interactions, most of which involve diatoms and bacteria, 
stressing not only their diversity, but also the technological advances that have been 
made in studying them.   
1.4.1 Mutualistic interactions 
The foundation for modern studies on phytoplankton-bacteria interaction was 
probably laid in 2005 when a literature study on vitamin B12  (cobalamin) requirements 
of 326 algal species showed that more than half of the algae surveyed (171) required 
vitamin B12  for growth (Croft et al. 2005). Furthermore, it was demonstrated that 
vitamin B12 dependent algae required the micronutrient as a cofactor for vitamin B12 
dependent methionine synthase (metH) whereas vitamin B12 independent algal species 
possess methionine synthase metE, which does not require cobalamin as cofactor. 
Interestingly, growth of vitamin B12 dependent algae could be reconstituted by the 
addition of bacteria which are able to synthesize vitamin B12 de novo. Subsequent 
experiments indeed suggested that vitamin B12 dependent algae and vitamin B12 
producing bacteria can engage in a symbiotic relationship where the alga provides a 
carbon source in return for the micronutrient. 
Since the description of vitamin B12 mediated symbiosis between algae and bacteria, 
the nature of the carbon sources released by phytoplankton in exchange for the 
vitamin have remained widely unknown. However, a co-culture study by Durham et 
al. (2015) exploited the vitamin B12 dependency of T. pseudonana by co-culturing it with 
the vitamin B12 producing bacterium Ruegeria pomeroyi to elucidate which 
compound(s) the bacterium received in return. Analysis of the bacterium’s gene 
expression in the co-culture revealed strong upregulation of genes involved in uptake 
and catabolism of the previously unknown organic sulfur compound 2,3-
dihydroxypropane-1-sulfonate (Figure 1.8). Although this finding provided a new 
potential link in marine carbon and sulfur cycles, it is likely just the tip of the iceberg 
since chemical analysis of the carbon pool in the North Pacific revealed more than 
7000 unique compounds (Durham et al. 2015). 
The view on diatom-bacteria interactions was broadened further by another study 
published in the same year. Utilising a combination of transcriptomics and 





metabolomics Amin et al. (2015) teased apart the chemical interactions between the 
bloom forming diatom Pseudo-nitzschia multiseries and the bacterium Sulfitobacter, a 
member of the Roseobacter clade, which is often found in close association with 
diatoms. Sulfitobacter was chosen as an interaction partner because a previous 
screening with bacterial isolates had shown that the bacterium enhanced growth of 
the diatom. Transcriptome analysis of both partners in the co-culture showed that 
Sulfitobacter upregulated its nitrate uptake to synthesize ammonium which was likely 
supplied as a nitrogen source to the diatom. Moreover, transcriptome changes in the 
diatom implied taurine production, a compound that could be supplied as a carbon 
source to the bacterium. Yet, the enhanced growth response of the diatom was likely 
due to bacterial production of indole-3-acetic acid (IAA). IAA is synthesized from the 
amino acid tryptophan which was suggested to be supplied by the diatom since 
transcript numbers for genes involved in tryptophan synthesis were upregulated 
(Figure 1.8).    
In 2018, a study was published which, for the first time, employed in vivo expression 
technology, to study bacterial genes which were specifically regulated in co-culture 
with a diatom (Torres-Monroy and Ullrich 2018). The study utilised a previously 
established model system consisting of the diatom Thalassiosira weissflogii and the 
bacterium Marinobacter adhaerens, a member of the Gammaproteobacteria. In an 
earlier study the same group had shown that M. adhaerens attaches to T. weissflogii 
which induced secretion of transparent exopolymeric substances by the diatom 
(Gärdes et al. 2011). Enhanced production of this exopolymeric substances induced 
diatom aggregation and hence increased sinking rates. This observation shed new light 
on the role of bacteria in the formation of marine snow, an event which usually follows 
phytoplankton blooms, when diatom masses sink to the ocean floor. Using in vivo 
expression technology, researchers were able to identify bacterial promotors which 
were specifically expressed in the co-culture. Together with a sequenced bacterial 
genome, genes downstream of the promotor regions were identified and 
characterised as genes involved in chemotaxis and attachment as well as genes 
responsible for nitrogen uptake and heavy metal efflux pumps (Torres-Monroy and 





1.4.2 Antagonistic interactions 
While the studies mentioned above described interactions which do not induce a clear 
disadvantage for one of the partners involved, several antagonistic interactions 
between phytoplankton and bacteria have been identified as well. For example, a co-
culture study of the diatoms Thalassiosira weissflogii, Phaeodactylum tricornutum, 
Skeletonema costatum and Chaetoceros didymus with the bacterium Kordia algicida 
showed that the bacterium induced significant growth inhibition on all diatoms except 
C. didymus (Paul and Pohnert 2011). In the experiment, diatoms were treated with cell 
free filtrate of K. algicida indicating that the bacterium released an algicidal compound 
into the medium. Characterisation of the compound revealed that it could be 
inactivated by heat treatment and following bioassays suggested protease activity 
(Figure 1.8). In addition, synchronized release of the bacterial proteases implied that 
its production was likely controlled by a bacterial signaling process called quorum 
sensing (Paul and Pohnert 2011). Subsequently, it was investigated why C. didymus was 
not susceptible to bacterial proteases and it was discovered that treatment with 
bacterial supernatants induced release of diatom derived proteases which deactivated 
the proteases released by K. algicida (Paul and Pohnert 2013). 
More recently, a study investigated the algicidal effect of the globally distributed 
Croceibacter atlanticus (Flavobacteriaceae) on diatoms (van Tol et al. 2017). After 
demonstrating that the algicidal effect seemed rather unspecific, co-cultures with T. 
pseudonana were used to study the interaction in more detail. C. atlanticus is a non-
motile bacterium and the presence of nutrients in the medium was shown to be crucial 
for the attachment of the bacterium to the diatom cell (van Tol et al. 2017). Based on 
this observation it was hypothesized that nutrients likely fueled cell division of C. 
atlanticus and thereby increased its random-encounter rate with diatom cells. Once 
attached to a diatom cell, C. atlanticus proliferated on the cell surface, which 
eventually inhibited cell division of T. pseudonana and induced an increase in the 
number of plastids and nuclei. As this phenomenon is often accompanied by an 
increase in overall cell size and metabolic activity, induction of this phenotype was 
suggested to be a strategy of C. atlanticus to scavenge diatom derived metabolites 
(Figure 1.8). 
While the previous two examples presented antagonistic phytoplankton-bacteria 
relationships, the following case describes a mixture of both, a mutualistic interaction 





which turns into an antagonistic interaction (Seyedsayamdost et al. 2011). Co-culture 
studies of the bacterium Phaeobacter gallaeciensis with the coccolithophore Emiliania 
huxleyi had shown that the bacterium produced a potent broad-spectrum antibiotic 
together with the auxin phenylacetic acid. Release of both compounds was suggested 
to suppress growth of bacteria that were potentially parasitic for the diatom and 
enhance algal growth. Interestingly, it was observed that this seemingly mutualistic 
interaction changed into a pathogenic interaction with senescence of the alga. As 
microalgae age, their cell wall starts to deteriorate, and cell wall degradation products 
are released into the surrounding medium. One such degradation product is p-
coumaric acid, a breakdown product of lignin, and researchers hypothesized it would 
function as a chemical cue to the bacterium to switch its lifestyle. Indeed, experiments 
confirmed that p-coumaric acid induced the release of two previously unknown 
metabolites, “Roseobacticides A and B”, by P. gallaeciensis which eventually caused cell 
death of the alga (Figure 1.8). This finding implied two distinct phases in the 
phytoplankton-bacterium interaction, a mutualistic phase and a pathogenic phase, 
where release of roseobacticides, and hence death of the algae, could provide the 
bacterium with a food source and facilitate dissociation to find a new host 






 While these examples showcase the diversity of phytoplankton-bacteria interactions, 
they also highlight that chemical signaling often plays a crucial role in shaping these 
interactions. As mentioned above, the pathogenic bacterium K. algicida utilised 
chemical signaling to coordinate release of proteases to attack its diatom host and the 
bacterium P. gallaeciensis received p-coumaric acid as a chemical cue to switch its 
lifestyle from a mutualist to an opportunistic pathogen. Recently, it was suggested that 
chemical signaling might also be involved in the initiation phase of the interaction as 
a cue for both partners to recognize each other (Amin et al. 2012). One signaling 
mechanism that has received special attention regarding phytoplankton-bacteria 
interactions is a bacterial cell-cell signaling process, called quorum sensing (QS). 
Originally QS was known as a form of chemical communication among bacteria, 
Figure 1.8 Mutualistic and antagonistic phytoplankton-bacteria interactions. Green circles 
depict generic phytoplankton cells and blue shadings surrounding the cell highlight the phyco-
sphere. Mutualistic relationships exist for example between phytoplankton and the bacteria 
Ruegeria and Sulfitobacter. Sulfitobacter provides vitamin B12 in return for the organosulfur com-
pound 2,3-dihydroxypropane-1-sulfonate (DHPS). Ruegeria receives the amino acid tryptophan 
(Trp) and the carbon source taurine in return for providing NH4+ as a nitrogen source and growth 
promoting indol-3-acetic acid (IAA) (left). Antagonistic interactions have been described for 
Phaeobacter, Croceibacter and Kordia. Kordia attacks phytoplankton by releasing proteases, while 
Croceibacter induces alterations in phytoplankton cell cycle which induces an increase in the 
release of metabolites. Phaeobacter responds to p-coumaric acid (pCA), a cell wall degradation 
product, by releasing algicidal roseobacticides (right). Graph was adapted from Seymour et al. 
(2017) 





however, recent studies pointed out that QS molecules can also induce responses by 
eukaryotic “bystanders” such as diatoms.  
1.5 Quorum sensing: a sophisticated signaling mechanism 
QS describes a cell-to-cell communication process that enables bacteria to 
synchronize their behavior across a population (Papenfort and Bassler 2016). This 
signaling process involves production, release and detection of small diffusible 
molecules, called autoinducers, which control expression of dozens to hundreds of 
genes (Waters and Bassler 2005; Papenfort and Bassler 2016). In the pathogenic 
bacterium Pseudomonas aeruginosa for example, QS regulated genes constitute 6-10% 
of the genome (Wagner et al. 2004). Phenotypes under the control of QS vary widely 
between bacterial species. For instance, in P. aeruginosa production of several 
virulence factors like proteases, exotoxin A and rhamnolipids are controlled by QS 
(Wagner et al. 2004). Furthermore, QS has been shown to be involved in biofilm 
formation of certain species. In the bacterium Serratia liquefaciens, for instance, QS 
influences biofilm maturation by regulating the swarming motility of the bacterium 
(Parsek and Greenberg 2005). While wildtype biofilms of S. liquefaciens are 
heterogenous with cell aggregates and filaments, biofilms of S. liquefaciens with a 
mutation in the gene responsible to synthesis of the autoinducer, swrI, resulted in thin 
biofilms without cell aggregates and filaments (Parsek and Greenberg 2005). However, 
it should also be emphasized that numerous species of bacteria lacking QS systems 
have been shown to form biofilms (Parsek and Greenberg 2005). 
To orchestrate their actions, bacteria employ a range of chemically diverse QS 
molecules. Gram-positive bacteria, for instance predominantly employ oligopeptides 
for signaling whereas N-acyl homoserine lactones (AHLs) are by far the most common 
signaling molecules in Gram-negative bacteria (Figure 1.9A). However, next to AHLs, 
some Gram-negative bacteria have been described to excrete more unusual QS 
molecules (Papenfort and Bassler 2016). The plant associated bacterium 
Rhodopseudomonas palustris, for example, produces p-coumaroyl-homoserine 
lactone, an autoinducer which is structurally related to AHLs, however, the acyl group 
of the molecule is derived from the plant metabolite p-coumarate thereby linking the 
bacterial QS-circuit to the availability of plant consumables (Figure 1.9A) (Papenfort 
and Bassler 2016). Other QS molecules which share the lactone moiety with AHLs 





japanicum and Aeromonas spp., as well as cinnamoyl-homoserine lactone produced by 
Bradyrhizobium (Figure 1.9A) (Papenfort and Bassler 2016). Furthermore, Gram-
negative bacteria can produce a range of QS molecules that are chemically unrelated 
to AHLs. The human pathogen Pseudomonas aeruginosa, for example, produces several 
QS molecules including a bicyclic molecule termed the “Pseudomonas quinolone 
signal” (PQS) (Figure 1.9B). Together with two AHLs, PQS regulates biofilm formation 
and the expression of virulence factors (Papenfort and Bassler 2016). This is just a small 
selection of QS molecules, but it highlights the structural diversity of these molecules. 
For more information on the chemical diversity of QS molecules and the intricate 
architecture of QS-circuits in Gram-negative bacteria the reader is referred to an 
extensive review by Papenfort and Bassler (2016).  
 
 
Figure 1.9 Quorum sensing synthases, autoinducers and receptors. This figure shows 
structures of autoinducers together with their synthases (blue) and their receptors 
(transcription factors are highlighted in green and pink, trans-membrane receptors are depicted 
in orange). (A) Diverse homoserine lactones produced by different Gram-negative bacteria. (B) 
2‑heptyl‑3‑hydroxy‑ 4‑quinolone (PQS), one of many QS molecules produced by P. aeruginosa. 
Graph was adapted from Papenfort and Bassler (2016). 
 
Historically, QS was first described in the marine bacterium Vibrio fischeri, which 
colonizes the light organ of the Hawaiian bobtail squid (Nealson et al. 1970). Rich in 





nutrients, the squid’s light organ stimulates cell division of the bacteria, which, upon 
reaching a certain cell density, start to emit luminescence. Since this discovery in the 
early 1970’s QS has been predominantly studied in human pathogens such as 
Pseudomonas aeruginosa but in the last decade more and more studies have shown 
that QS-mediated signaling, especially via AHLs, is also widespread in marine bacteria 
(Hmelo 2017; Doberva et al. 2015; Wagner-Dobler et al. 2005). The most frequently 
studied bacteria in this context are several Vibrio species and members of the 
Roseobacter clade (Hmelo 2017).  
1.5.1 N-acyl homoserine lactones  
AHLs are the most common class of autoinducers utilised by proteobacteria, the most 
prominent phylum of bacteria in the oceans (Hmelo 2017). Based on its first discovery 
in the marine bacterium Vibrio fischeri, the prototypal QS circuit consists of two 
proteins, LuxI and LuxR, which, in V. fischeri,  together control expression of the 
luciferase operon (Waters and Bassler 2005). In this QS-system, LuxI is the 
autoinducer synthase, whereas LuxR is the cytoplasmic receptor. Autoinducer 
synthases are encoded by three groups of genes, i.e. luxI-like, ainS-like and hdtS-like 
genes, which together are referred to as AI-1 synthases (Doberva et al. 2015). AI-1 
synthases produce AHLs by linking a lactone moiety, originating from S-
adenosylmethionine, to fatty acyl chains, originating from an acyl-acyl carrier protein 
(Parsek et al. 1999). After synthesis, AHLs are released into the surrounding medium 
where they can be recognized by surrounding bacteria by binding to cytoplasmic 
LuxR-type AHL receptors which act as transcription factors (Figure 1.8). Alternatively, 
AHLs can be perceived by membrane bound AHL receptors such as LuxN in V. harveyi. 
LuxN and its homologs are two-component membrane bound histidine kinases which 
activate transcription factors by phosphorylation (Papenfort and Bassler 2016). 
Structurally, AHLs have a limited diversity with variations in length (typically between 
4 and 18 carbon atoms) and the degree of saturation of the acyl chain (Hmelo 2017). 
Furthermore, they can carry a hydroxyl- or keto- substitution at the C3 position 
(Figure 1.10). AHL structures are taxon specific and crucial for signaling specificity 
because different AI-1 synthases synthesize different AHLs which can only bind to the 
“right” luxR homolog (Hmelo 2017). 
Once released into the environment, AHLs face physical and chemical constraints 





concentrations are rapidly diluted by diffusion, thereby decreasing AHL 
concentrations until they are eventually too low to induce a response. In addition, a 
study by Yates et al. (2002) investigated AHL stability as a function of temperature, pH 
and acyl chain length. They observed that AHLs were deactivated by pH dependent 
hydrolysis (=lactonolysis) leading to an accumulation of AHLs with an opened lactone 
ring in alkaline medium. This pH-dependent deactivation mechanism of AHLs might 
be particularly important in marine environments because seawater has an alkaline 
pH of approximately 8.2 (Hmelo 2017). In addition, deactivation rates increased further 
with a rise in temperature (Yates et al. 2002). Regarding AHL stability as a function of 
their structure, comparison of AHLs with different acyl side chain lengths showed that 
AHLs containing long acyl side chains (e.g. N-3-oxododecanoyl homoserine lactone, 
OXO12) were more resistant towards pH dependent ring-opening than AHLs with 
short acyl side chains (e.g. N-butanoyl homoserine lactone, C4) (Yates et al. 2002).  
Figure 1.10 Schematic of a LuxI-LuxR QS circuit and chemical structures of AHLs. LuxI 
synthesizes AHLs which are released in the environment. Upon reaching a threshold con-
centration, AHLs re-enter bacterial cells where they bind and activate transcriptional regulator 
LuxR which then starts transcription of QS regulate genes (left). The most common AHL struc-
tures vary in the length of the acyl side chain (“R”) and the substitution at the C3 position (un-
substituted, hyrodxyl- or keto group) (right). Graphic was adapted from Hmelo et al. (2016) 
 
Next to these universal AHL deactivation mechanisms, a study by Kaufman et al. (2005) 
described a more specific deactivation mechanism which predominantly affects AHLs 
with a keto-group at the C3 position (3-oxo-AHLs). When they studied the lifetime of 





OXO12, an AHL produced by P. aeruginosa, they detected an undocumented 
compound in addition to the hydrolysis product. Structural characterization showed 
that the second product was a tetramic acid, and it was proposed that it had formed 
via a Claisen-like intramolecular alkylation of the β-ketoamide moiety (Kaufmann et 
al. 2005). Additional studies revealed that this intramolecular rearrangement was not 
restricted to OXO12 but also applied to 3-oxo-AHLs with different acyl chain lengths 
(Figure 1.11). 
 
Figure 1.11 Formation of tetramic acids from 3-oxo-AHLs. As an example, we show the 
reaction of N-3-oxo-dodecanoyl homoserine lactone (OXO12) into its lactone hydrolysis 
product (Path A) and its tetramic acid transformation product TA12 (Path B). Graph was 
adapted from Kaufmann et al. (2005) 
 
To date, AHL based QS has been identified in several marine habitats (Hmelo 2017; 
Doberva et al. 2015; Wagner-Dobler et al. 2005). A screening of bacterial isolates from 
the North Sea, for instance, showed that more than half of the Alphaproteobacteria 
tested (39 out of 67) induced a phenotypic response in a bacterial reporter strain 
(Wagner-Dobler et al. 2005). AHL production was confirmed by subsequent GC-MS 
analysis revealing that isolates predominantly produced mixtures of AHLs with long 
acyl side chains (C8, C10, C13, C16 and C18), often containing one or two double bonds, 
while substitutions at the C3 position in form of a hydroxyl- or keto-group were rare 
(Wagner-Dobler et al. 2005).  
Another study by Hmelo et al. (2011) could identify AHL production in bacteria attached 
to particulate organic matter (POC). After screening freshly collected POC with a 
bacterial reporter strain, which suggested AHL production, bacteria from POC were 





analytical techniques, they structurally identified N-octanoyl homoserine lactone (C8), 
N-dodecanoyl homoserine lactone (C12), N-3-oxo-hexanoyl homoserine lactone 
(OXO6) and N-3-oxo-octanoyl homoserine lactone (OXO8). Seeing as AHLs were 
identified directly from POC samples, this study represents one of the first to measure 
AHLs in a marine environment in situ (Hmelo et al. 2011).  
In contrast, Doberva et al. (2015) utilised an in silico approach to mine the Global Ocean 
Sampling metagenome database for AI-1 type synthases. In total, the database 
contained microplankton samples collected from 68 stations in the Atlantic, Pacific 
and Indian Ocean and provided a “snapshot” of the microbial diversity in the global 
oceans. With this culture independent approach, they identified a large phylogenetic 
diversity of AI-1 synthases which were affiliated to many different groups of bacteria 
(Doberva et al. 2015). Taken together, these studies clearly demonstrate that AHL 
production in marine bacteria is widespread.   
1.5.2  Alkyl-Quinolones 
Alkyl-quinolones (AQs) are less frequently identified as autoinducers compared to 
AHLs, however, a few AQs have been discovered in marine bacteria and show high 
bioactivity making them intriguing molecules to study.  
AQs were first discovered in the late eighteen hundreds when researchers found that 
P. aeruginosa released an active antibacterial substance which they described as 
pyocyanase (Heeb et al. 2011). In 1945, it was discovered that pyocyanase was in fact a 
mixture of compounds which were later described as alkyl-quinolones, a family of 
bicyclic compounds (Heeb et al. 2011). More recently, utilising mass spectrometry, the 
number of AQs released by P. aeruginosa was further increased to approximately 50 
structurally related compounds (Heeb et al. 2011). To date, AQs are known for their 
diverse biological roles which not only include antimicrobial activities, but also cell-
cell signaling. Indeed, besides two AHL circuits, P. aeruginosa also possesses a QS 
signaling circuit where transcription of genes is activated by 2-heptyl-3-hydroxy-
4(1H)-quinolone (PQS), 2-heptyl-4(1H)-quinolone (HHQ) or 2-nonyl-4(1H)-quinolone 
(NHQ) (Drees and Fetzner 2015; Heeb et al. 2011).  
In a nutshell, AQs are synthesized from CoA-activated anthranilic acid and a fatty acid 
precursor (Drees and Fetzner 2015). Unlike the AHL based QS circuit which only 
requires a luxI type synthase and a luxR type receptor, the AQ based circuit is more 
complex and involves a higher number of genes, i.e.  pqsABCDE, pqsR, pqsH and pqsL 





(Drees and Fetzner 2015). The genes pqsABCDE are organized in an operon and encode 
for enzymes responsible for biosynthesis of AQs. Adjacent to this operon are pqsR, a 
LysR type transcriptional regulator, and anthranilate synthase genes phnAB while 
pqsH and pqsL are located elsewhere on the chromosome (Drees and Fetzner 2015). 
The gene pqsH converts HHQ into PQS and pqsL oxidises the nitrogen atom of the 
quinolone ring thereby forming N-oxides (Drees and Fetzner 2015) (Figure 1.12). Since 
their first discovery in P. aeruginosa, AQ production was also identified in marine 
microorganisms. For example, Long et al. (2003) tested an alteromonad (SWAT5), 
isolated from a marine particle, for the production of antibacterial compounds and 
identified that SWAT5 released 2-n-pentyl-4-quinolone (PHQ) and 2-n-4-heptyl 
quinolone (HHQ). More recently, a study by Harvey et al. (2016) investigated an 
algicidal compound released by the marine Gammaproteobacterium 
Pseudoalteromonas piscicida. Using bioassay guided fractionation in combination with 
structure elucidation, they identified the compound as HHQ. A subsequent in silico 
analysis could substantiate this observation after finding pqsABCDE homologs in the 
tested Pseudoalteromonas strain. The same approach was subsequently used to look 
for pqsABCDE homologs in 67 publicly available Pseudoalteromonas genomes. Though 
many homologs of single genes were found, only one bacterium, Pseudoalteromonas 
citrea, maintained the synteny of the operon as it was found in P. piscicida (Harvey et 
al. 2016). In contrast, by mining a chemical library of 37 Pseudoalteromonas isolates, 
they identified HHQ production via metabolomic fingerprinting in four isolates. 
Subsequent phylogenetic analysis grouped these four isolates into two separate 
clades, which together contained 19 Pseudoalteromonas sp. including open ocean and 
coastal species. This observation implied that HHQ producing Pseudoalteromonas sp. 
could inhabit diverse marine environments (Harvey et al. 2016).  
Figure 1.12 Chemical structures of representative alkyl quinolones (AQs). Un-substituted 





1.6 Quorum sensing molecules induce responses in 
eukaryotes  
Next to cell-cell communication among bacteria, studies have accumulated 
highlighting that eukaryotes can also respond to QS molecules (Teplitski et al. 2004; 
Syrpas et al. 2014; Joint et al. 2007; Yang et al. 2016). While plant responses to AHLs 
were already observed by Mathesius et al. (2003), who reported drastic changes in the 
proteome of Medicago truncatula after application of exogenous AHLs, investigations 
in algae followed soon after. Results showed that QS molecules can have diverse 
biological functions in marine environments where they act as chemical cue to algal 
zoospores (Joint et al. 2007), induce signal interference mechanisms (Syrpas et al. 2014; 
Teplitski et al. 2004) or function as allelopathic compounds (Harvey et al. 2016; Long 
et al. 2003). In addition it was hypothesized that QS molecules could play a role in 
biofilm formation (Yang et al. 2016). 
A classic example for AHL mediated interkingdom signaling in the marine environment 
is the response of zoospores of the seaweed Ulva to AHL producing bacteria (Joint et 
al. 2007). It started with the observation that zoospores preferentially settled on glass 
slides covered with a bacterial biofilm and that the number of attached spores 
increased with bacterial density. This behavior suggested that the spores responded 
to a chemical signal released by the bacteria which was hypothesized to be AHLs (Joint 
et al. 2000). Experiments with a marine AHL producing bacterium, Vibrio anguillarum, 
indeed induced zoospore settlement, while an AHL deficient mutant did not (Joint et 
al. 2002). The attraction to AHLs was finally confirmed with synthetic AHLs and the 
discovery that Ulva zoospores responded to all three AHLs released by V. anguillarum, 
i.e. N-hexanoyl homoserine lactone (C6), N-3-hydroxy-hexanoyl homoserine lactone 
(OH6) and N-3-oxo-decanyol homoserine lactone (OXO10) (Joint et al. 2002). Detailed 
investigation showed that the spores could in fact respond to a broad range of AHLs 
with the greatest response induced by AHLs with longer acyl-side chains (> six carbon 
atoms) and a functional group at the C3 position (Tait et al. 2005). Studies on the 
zoospore response finally described that the spores reacted by a reduction in  
swimming speed, referred to as chemokinesis, with the strongest response being 
reported for OXO12 (Wheeler et al. 2006). Furthermore, this behavior was linked to 
calcium influx suggesting that calcium signaling might be involved in Ulva’s response 
to AHLs (Joint et al. 2007).  





In contrast, some microalgae have been shown to interfere with the signaling activity 
of AHLs (Syrpas et al. 2014; Teplitski et al. 2004). The diatom Nitzschia cf pellucida, for 
instance, enzymatically degrades AHLs by haloperoxidase activity (Syrpas et al. 2014). 
It was already known that the diatom releases a daily burst of volatile halogenated 
compounds with allelopathic properties, produced by a H2O2 dependent 
haloperoxidase (Vanelslander et al. 2012). Following this observation, Syrpas et al. 
(2014) investigated whether haloperoxidase activity was also involved in deactivation 
of AHLs. Indeed, a combination of experiments using a bacterial reporter strain 
together with LC-MS analysis elucidated the degradation pathway and showed that 
Nitzschia deactivated 3-oxo-AHLs by halogenation and cleavage of the acyl side chain.  
Another mode of signal interference was discovered in the unicellular green alga 
Chlamydomonas rheinhardtii (Teplitski et al. 2004). Screening with several reporter 
strains showed that extracts of the culture filtrate contained more than a dozen of 
“AHL mimics”. Interestingly, algal AHL mimics were characterized as both, QS- 
agonists and -antagonists, indicating that compounds could induce and cancel some 
QS regulated responses in a wild-type bacterium. In a following study one QS agonist 
could be identified as lumichrome, a derivative of the vitamin riboflavin (Rajamani et 
al. 2008).   
Furthermore, Yang et al. (2016) proposed that AHL signaling might influence biofilm 
formation in the benthic diatom Cylindrotheca. They exposed Cylindrotheca to three 
structurally related AHLs, i.e. N-decanoyl homoserine lactone (C10), N-3-hydroxy-
decanoyl homoserine lactone (OH10) and N-3-oxo-decanoyl homoserine lactone 
(OXO10) and observed an increase in chlorophyll a content along with increased EPS 
production and Ca2+ efflux. This observation implied that biofilm formation was 
affected and that Ca2+ signaling could be involved in the diatom’s response to 
exogenous AHLs.  
Besides AHLs, literature also contains a few examples of algal responses to AQs 
showing this group of compounds exhibits high bioactivity against phytoplankton 
species (Harvey et al. 2016; Long et al. 2003). For example, tests with PHQ on four 
different diatom species showed that all diatoms were sensitive to the compound with 
a measurable inhibition down to 10 nM (Long et al. 2003).  Similarly, another study 
tested HHQ on the coccolithophore E. huxleyi in a dose-response experiment and 





Dunaliella and the diatom P. tricornutum were largely unaffected by HHQ (Harvey et 
al. 2016). 
  






Algae and bacteria engage in a multitude of interactions with different potential 
outcomes for both partners involved. From the perspective of the alga, bacteria are 
sometimes crucial for its development or even enhance algal growth. Other times 
bacteria can be harmful and inhibit growth or lead to the death of the alga. 
Understanding these multi-faceted interactions between algae and bacteria has been 
the central idea behind the innovative training program (ITN) “The algal microbiome: 
friends or foes?” (ALFF) which provided funding for fifteen PhD projects. One goal was 
to find answers to fundamental questions on algae-bacteria interactions, for example 
to understand lifecycles of algal pathogens and identify conditions which favored or 
prevented infection of the alga. Other projects aimed to address challenges faced by 
the marine industry and industrial algae cultivation. Central topics in this regard were 
for instance how biomass in industrial algae mass cultivation could be increased by 
“tweaking” the bacterial composition in bioreactors or the prevention of biofouling.  
Chemical signaling plays a central role in algae-bacteria interactions. One group of 
molecules that has gained attention in this regard are bacterial quorum sensing 
molecules. Ulva zoospores, for example, have already been demonstrated to respond 
to these molecules by reducing their swimming speed. Furthermore, it is nowadays 
well established that quorum sensing is widespread in marine bacteria and that 
eukaryotes can respond to them in many ways, implying diverse biological functions 
of these compounds. However, to date it is not known how diatoms respond to 
quorum sensing molecules and if sensing these compounds induces physiological and 
molecular changes. To address this fundamental question, the research presented in 
this thesis focused on the following three key questions:  
1) Which AHL profiles and concentrations do diatoms encounter in situ?  
2) What is the physiological response of diatoms towards QS compounds?   
3) How does treatment with QS compounds affect gene expression in diatoms?   
To address the first question, we chose to assess AHL quality and quantity in intertidal 
biofilms, a habitat which is often dominated by benthic diatoms and bacteria. So far, 
only very few studies attempted to measure in situ AHL concentrations of marine 
environments which is likely due to its technical difficulty. Seeing as this was the first 





reproducible method covering sampling, extraction, compound separation, 
identification and quantification.      
The second main objective was to broaden our understanding of diatom’s 
physiological responses to QS molecules. To this end, a library of synthetic QS 
compounds, including AHLs, their tetramic acid rearrangement products and AQs, 
was screened for their effects on diatom growth. Following the initial screening we 
identified tetramic acids and AQs as strong growth inhibitors in diatoms and aimed to 
elucidate their mode of action.    
The third objective of this thesis was to study how diatoms respond to AHLs regarding 
their gene expression. Even though there is evidence for AHL mediated interkingdom 
signaling between bacteria and algae, no study has explored how AHL exposure affects 
gene expression in algae so far. For this study we selected the benthic diatom 
Seminavis robusta and treated it with two structural AHL homologs and a tetramic 
acid.  
  





1.8 Thesis outline 
The thesis is organized as follows: 
In chapter 2 we describe a method which was successfully used to quantify AHLs in 
intertidal sediments. One important aspect was the establishment of a reproducible 
sampling method to collect biofilms in the field which also allowed collection of 
metadata on the same sample. Furthermore, we present a powerful analytical method 
which was able to separate nineteen AHL standards covering a wide range of polarities 
thereby making it suitable for other studies aiming to detect AHLs at low 
concentrations in environmental samples. 
In chapter 3 we compared the effects of a 3-oxo-AHL (OXO12) and its tetramic acid 
rearrangement product (TA12) on the model diatom Phaeodactylum tricornutum. 
Unlike OXO12, treatment with TA12 induced a negative effect on photosystem II within 
hours which eventually led to cell death after several days. Furthermore, the effect of 
TA12 was confirmed in different diatom species and mixed phytoplankton 
communities and the mode of action of TA12 was elucidated using fast fluorescence 
techniques.     
Chapter 4 describes how AQs affect diatom physiology. We demonstrate that five AQs, 
i.e. HHQ, PQS and HQNO, and two C9 homologs NHQ and NQNO, negatively affect 
growth in several diatom species in the nanomolar range. Using a combination of 
modern fluorescence techniques, the mode of action of HHQ on P. tricornutum was 
investigated in detail highlighting that this compound can interfere with the electron 
transport chains in the chloroplast and the mitochondrion.  
In chapter 5 we describe a transcriptome study where the benthic diatom S. robusta 
was treated with the AHL homologs N-tetradecanoyl homoserine lactone (C14) and N-
3-oxo-tetradecanoyl homoserine lactone (OXO14) and its tetramic acid (TA) 
rearrangement product TA14. Our results show for example that C14 treatment led to 
upregulation of many genes involved in intracellular signaling which was less 
pronounced in the OXO14 and the TA14 treatment. On the other hand, OXO14 and TA14 
treatments induced upregulation of several stress related genes which was in line with 





In chapter 6, the main findings of this thesis are summarized and discussed in a 
broader perspective.   
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N-acyl homoserine lactones (AHLs) are molecules produced by many Gram-negative 
bacteria as mediators of cell-cell signaling in a mechanism known as quorum sensing 
(QS). QS is widespread in marine bacteria regulating diverse processes, such as 
virulence or excretion of polymers that mediate biofilm formation. Associated 
eukaryotes, such as microalgae, respond to these cues as well, leading to an intricate 
signaling network. To date only very few studies attempted to measure AHL 
concentrations in aquatic biofilms, which are hot-spots for bacteria-bacteria as well 
as microalgae-bacteria interactions. AHL quantification in environmental samples is 
challenging and requires a robust and reproducible sampling strategy. Here we 
present a method for biofilm sampling and AHL identification and quantification from 
intertidal sediments. The use of contact cores for sediment sampling ensures 
reproducible sample surface area and volume at each location. Flash-freezing of the 
samples with liquid nitrogen prevents enzymatic AHL degradation between sampling 
and extraction. After solvent extraction, samples were analyzed with a UHPLC-HRMS 
method that allows to baseline-separate sixteen different AHLs in less than 10 minutes. 
The sensitivity of the method is sufficient for detection and quantification of AHLs in 







N-acyl homoserine lactones (AHLs) are a class of molecules which are produced by 
many Gram-negative bacteria during a signaling process known as quorum sensing 
(QS) (Waters and Bassler 2005). Structurally, the lactone of the amino acid homoserine 
is functionalized via an amide bond with acyl chains that differ in their degree of 
saturation, length and chemical functionalization, such as hydroxyl- and carbonyl-
groups (Waters and Bassler 2005). AHLs are synthesized by a LuxI type synthase which 
uses S-adenosyl-L-methionine and an acyl-acyl carrier protein as substrates and are 
subsequently released into the surrounding medium (Parsek et al. 1999). After 
synthesis and release, AHLs re-enter bacterial cells and bind to LuxR type receptors 
which control expression of QS regulated genes (Waters and Bassler 2005). This 
mechanism allows bacteria to coordinate gene expression, which eventually leads to 
a behavioral change in the population (Waters and Bassler 2005).  
Quorum sensing has been predominantly investigated in pathogens such as 
Pseudomonas aeruginosa, but AHL-based QS also occurs in marine environments 
(Hmelo 2017; Wagner-Dobler et al. 2005; Doberva et al. 2015). AHL production was 
confirmed in 39 out of 67 marine Alphaproteobacteria using a screening with bacterial 
reporter strains followed by GC-MS analysis (Wagner-Dobler et al. 2005). This finding 
was in line with an in silico analysis of the Global Ocean Sampling metagenome 
database where several luxI homologs were identified in microplankton samples 
suggesting that QS signaling is widespread in marine bacteria (Doberva et al. 2015). 
AHL signaling also plays an important role in shaping algae-bacteria interactions (Zhou 
et al. 2016; Joint et al. 2007; Yang et al. 2016; Stock et al. 2019). For example, AHLs 
influence diatom/bacteria-biofilm formation (Yang et al. 2016), control zoospore 
settlement of the green seaweed Ulva (Joint et al. 2007), and inhibit diatom growth 
(Stock et al. 2019). In addition, some microalgae are able to interfere with bacterial QS 
(Natrah et al. 2011), e.g. by mimicking AHLs (Teplitski et al. 2004) or degrading them 
(Syrpas et al. 2014).  
Given their ecological role in intra- and interspecies communication, the qualitative 
and quantitative assessment of AHLs in environmental samples has been a desirable 
goal for many years. Yet, until recently, the most common tool for AHL identification 
was screening with bacterial reporter strains that phenotypically respond to 
exogenous AHLs, e.g. by emitting luminescence (Winson et al. 1998). Although this 
technique is quite sensitive, it is not suitable for AHL quantification. Furthermore, 





reporter strains only have a narrow substrate tolerance, which requires utilisation of 
different strains to detect structurally diverse AHLs (Sun et al. 2018; Steindler and 
Venturi 2007). Given these limitations and technological advances in analytical 
chemistry, AHL detection by bacterial reporter strains is nowadays often used in 
combination with, or replaced by, GC- and LC-MS methods (Decho et al. 2009; Huang 
et al. 2007; Sun et al. 2018; Wang et al. 2017). Still, the wide range of polarity, the low 
concentrations in environmental samples and the often complex matrix make a 
quantitative assessment of AHLs in field samples challenging. These obstacles explain 
the scarcity of studies that have attempted to quantify AHLs in microbial mats (Decho 
et al. 2009), sludge from bioreactors (Wang et al. 2017; Sun et al. 2018), subtidal biofilms 
(Huang et al. 2007) and soils (Sheng et al. 2017).  
In the present study, we aimed to quantify AHLs in intertidal biofilms that form 
hotspots for diatom-bacteria interactions. Although previous studies have described 
the extraction and quantification of AHLs from multispecies biofilms, sampling and 
AHL quantification strategies were not suitable for intertidal biofilms. For instance, a 
previous study measured AHL concentrations in subtidal biofilms and used petri 
dishes for sampling that are administered into the environment and collected after 
biofilm formation, thereby selecting for settlers on the artificially introduced surface 
(Huang et al. 2007). We aimed to sample biofilm communities without introducing 
such bias, however, a sampling approach with controlled sampling surface and depth 
was needed because the thin euphotic zone of the sediment typically extends 
approximately 2 mm below the sediment surface (Underwood and Kromkamp 1999). 
The biomass dynamics in this upper compartment of the sediment are independent of 
those of the deeper sediment which makes this sediment fraction particularly 
interesting for ecological studies (Herlory et al. 2004).  
Regarding methods for the chromatographic separation of AHLs, UHPLC-MS is 
suitable to separate and quantify several AHLs in a short time (up to 19 AHLs in 9 
minutes in Ortori et al. 2011, 13 AHLs in 6 minutes in Wang et al. 2016), but these 
protocols failed to achieve a baseline separation for most compounds. Moreover, to 
date no study has exploited the advantage of high-resolution mass spectrometry and 
the high sensitivity of the Orbitrap analyzer to identify and quantify AHLs in 
environmental samples.  
For AHL quantification, AHL concentration was mostly normalised  to biofilm or 
sediment weight after air- (Sheng et al. 2017) or freeze-drying (Decho et al. 2009; Wang 





substrates resulting in biofilm samples which consisted almost entirely of organic 
matter (Huang et al. 2007; Wang et al. 2017). In contrast, samples collected in the 
present study contained a lot of sediment, hence weight of dried samples was 
determined by sediment weight rather than biomass.  
In the present study, we report a reproducible sampling strategy for intertidal biofilms 
of the euphotic zone by using contact cores. This method has already been used to 
sample microphytobenthic biomass for DNA and pigment extraction and was 
successfully adapted for AHL quantification. A fast AHL extraction method using 
dichloromethane was modified from Decho et al. (2009). We also established a 
UHPLC-MS protocol that allowed separation of 19 AHL standards (16 of which were 
baseline separated) using UHPLC-HR-MS/MS (partially adapted from Sun et al.(2018)) 
covering a wide range of polarities within less than 10 minutes.   
  





 Materials and Procedures 
Reagents 
AHL standards used for UHPLC-HR-MS/MS method development and internal 
standards were synthesized in-house. Briefly, even numbered C6 to C14 and OXO6 to 
OXO14 were synthesized according to Hodgkinson et al. (2011) and synthesis of OH6 
to OH14, including OH13, was performed as described in Cao et al. (1995). OXO9 was 
synthesized as described in Syrpas et al. (2014) and deuterated standards C8D and 
C12D were prepared according to Ruysbergh et al. (2016). As internal standards (ISTDs) 
deuterated N-octanoyl-[3-2H2] homoserine lactone (C8D), deuterated N-dodecanoyl-
[3-2H2] homoserine lactone (C12D) as well as N-3-oxononanoyl (OXO9) and N-3-
hydroxytridecanoyl homoserine lactone (OH13) were selected to cover all possible 
polarities. An overview of all AHL standards can be found in Table 2.1 and Figure 2.1. 
Acetone (Chem-Lab, Belgium), dichloromethane (DCM) (Merck, Belgium) and 
methanol (Chem-Lab, Belgium) used in this study were HPLC grade. Acetonitrile (ACN) 
(HiPerSolv Chromanorm, VWR, Germany) was UHPLC grade. Acetic acid (99.8%) was 
purchased from Merck (Belgium) and formic acid for LC-MS (LiChropur®) from Merck 
(Germany).  
Sampling of intertidal biofilms 
Biofilms from intertidal sediments were sampled in February and April 2018 during low 
tide on the mudflats of Paulinapolder close to Terneuzen, Netherlands (51° 20’ N, 003° 
43’ E, Figure 2.2). During both campaigns, six randomly chosen locations (“plots”) with 
visibly different sediment composition were sampled. For collection, an in-house 
manufactured sampling frame was used to ensure that replicates for one plot were 
taken within a defined surface area of 2,500 cm2 (Figure 2.3A). The metal frame (50 cm 
× 50 cm) was placed directly on the sediment, and a removable wooden grid was 
positioned on top of the metal frame with threads dividing the area in 5 × 5 squares of 
10 cm × 10 cm.  
To collect the microbial biofilm on top of the sediment, we used contact cores to 
ensure that the depth and surface area were the same in each replicate. Sampling with 
contact cores is already used for the collection of microphytobenthic biofilms for 






Table 2.1 Overview of AHL standards. Full names and abbreviations of all AHL standards and 
internal standards (ISTDs). ISTDs are highlighted with “*”. The right column indicates which 
internal standard was used for quantification of each target AHL. ISTDs were assigned based on 





















Name Abbreviation ISTD 
N-3-oxohexanoyl-L-homoserine lactone OXO6 C8D 
N-3-hydroxyhexanoyl-L-homoserine lactone OH6 C8D 
N-hexanoyl-L-homoserine lactone C6 C8D 
N-3-oxooctanoyl-L-homoserine lactone OXO8 C8D 
N-3-hydroxyoctanoyl-L-homoserine lactone OH8 C8D 
N-octanoyl-L-homoserine lactone C8 C8D 
N-octanoyl-[3-2H2]-L-homoserine lactone* C8D - 
N-3-oxononanoyl-L-homoserine lactone* OXO9 - 
N-3-oxodecanoyl-L-homoserine lactone OXO10 C8D 
N-3-hydroxydecanoyl-L-homoserine lactone OH10 C8D 
N-decanoyl-L-homoserine lactone C10 C12D 
N-3-oxododecanoyl-L-homoserine lactone OXO12 C12D 
N-3-hydroxydodecanoyl-L-homoserine lactone OH12 C8D 
N-dodecanoyl-L-homoserine lactone C12 C12D 
N-dodecanoyl-[3-2H2]-L-homoserine lactone* C12D - 
N-3-hydroxytridecanoyl-L-homoserine lactone* OH13 - 
N-3-oxotetradecanoyl-L-homoserine lactone OXO14 C12D 
N-3-hydroxytetradecanoyl-L-homoserine lactone OH14 C12D 
N-tetradecanoyl-L-homoserine lactone C14 C12D 





Figure 2.3 Sampling devices used in this study. Sampling grid consisting of a metal frame (0.5 
x 0.5 m) on which a wooden frame is placed with threads dividing the area in squares of 10 x 10 
cm. Contact cores for sediment sampling are indicated with white arrows (A). Photograph of a 
contact core (ø 5 cm) with the bottom site facing upwards (B). Technical drawing of a contact 
core (ø 5 cm) with top and side view as it was used for AHL extraction, organic matter and 
grain size analyses (C). “A” indicates the section for the side view below, dimensions are 
provided in mm. The 10 mm gap in the side view indicates the site where the knife can be 
inserted to remove the frozen sediment from the core. It should be noted that smaller contact 
cores (ø 2.5 cm) were used for pigment extraction.  
Figure 2.2 Sampling site at Paulinapolder, close to Terneuzen, Netherlands. Left: 
Map of the Netherlands where Terneuzen is indicated with a black star. Right: Satellite 
image of the Paulinapolder area where the sampling location is indicated with a yellow 
arrow. Satellite picture was obtained from Google Maps (“Paulinapolder, Biervliet, 





The same sediment samples that were used for pigment and DNA-extractions were 
used for total organic matter (TOM) content and grain size analysis. Smaller contact 
cores (manufactured in house) with a diameter of 2.5 cm (bottom depth 2 mm) were 
used to collect samples for pigment extraction (Figure 2.3A).  
For sample collection, contact cores were pressed on the sediment with the bottom 
site (2 mm of inner edge) facing downwards while liquid nitrogen was poured into the 
upper part of the core. After liquid nitrogen had evaporated, frozen sediment 
remained attached to the bottom site of the contact core and could be taken out of 
the ground. Subsequently, residual sediment stuck to the bottom of the core was 
leveled with a knife until the metal edge became visible. This way a frozen sediment 
disk with a uniform thickness of 2 mm was obtained. Sediment disks were taken 
randomly within the sampling plot and large sediment disks (ø 5 cm) were collected in 
plastic bags while small sediment disks (ø 2.5 cm) were collected in aluminum cans 
(Rotilabo, ø 3 cm). For TOM content, grain size analysis and AHL quantification, four 
large sediment disks were pooled per replicate. For pigment analysis three small disks 
were combined into one replicate. In total, three replicates were collected with large 
and small contact cores in each plot (Figure 2.4). 
Plastic bags and aluminum cans containing the sediment samples were immediately 
placed on dry ice and maintained frozen for the whole transportation back to the 
laboratory before they were stored at −80 °C to prevent AHL degradation.  
Sample preparation 
Prior to freeze-drying, all large sediment disks (ø 5 cm) from each replicate were 
transferred into petri dishes and covered with aluminum foil to avoid spilling of 
samples. Small sediment disks (ø 2.5 cm) for pigment extraction were freeze-dried in 
their respective aluminum cans. All samples were freeze-dried (Lyotrap, LTE 
Scientific, Great Britain) for 24 to 48 hours in the dark. Afterwards, large sediment 
disks were gently homogenized with a pestle and aliquoted for AHL extraction (10 g), 
total organic matter analysis (10 g), and grain size measurements (rest).  
 





Figure 2.4 Schematic overview of sample collection and processing. Biofilm samples were 
collected within a plot of 0.5 m x 0.5 m with large contact cores (ø 5 cm, blue) and small 
contact cores (ø 2.5 cm, green). One sample for pigment extraction consisted of 3 small 
sediment disks, while one sample for AHL extraction, organic matter content and grain size 
analysis consisted of 4 large sediment disks. In total three samples were taken with large and 
small contact cores in each plot. Six plots were sampled per sampling campaign.   
 
Pigment extraction, separation and quantification  
Pigment extraction was conducted under red light to prevent light-induced 
degradation. First, 10 mL of acetone:water (9:1 v:v) was added to each sediment sample 
in its respective sampling container. Subsequently, samples were sonicated using a 
point sonicator (Sonics Vibra-Cell™) for 30 seconds at 40 Hertz and then allowed to 
settle for 2 hours in the dark. Before HPLC analysis, samples were filtered with 
Acrodisc® syringe filters (wwPTFE membrane, 13 mm, pore size 0.2 µm, Pall laboratory 
– VWR). Pigments were separated on an Agilent 1260 Infinity II system equipped with 
a diode array detector (1260 Infinity II Diode Array Detector WR, G7115A) using the 
method described in Van Heukelem and Thomas (2001). Peak detection and 
integration was done using the software Agilent OpenLab CDS (version C.01.08) and 
Agilent ChemStation (version A10.02). All chlorophylls and carotenoids were identified 
based on retention time and their absorbance at 450 nm and/or 665 nm. Pigment 
quantification was executed with one-point calibration using pigment standards (DHI 
Denmark). To calculate pigment concentration, a response factor (Rf) was determined 










The pigment concentration of the target pigment (ConcP, in mg × m-2) in the respective 
sample was then calculated with:  
𝐶𝑜𝑛𝑐 =  
𝑅𝑓  ×   𝐴𝐴  × 𝑉
𝐴
  
Where AAsample = peak area of the pigment in sample; V = volume of sample used for 
extraction (0.01 L) and Ac = surface area of three contact cores that made up one 
sample in m2 (3 × π × 0.01252 ).  
Total organic matter content and grain size analysis of sediments 
To determine the total organic matter (TOM) content of the freeze-dried sediment, 
10 g from each homogenized sediment sample was transferred into ceramic 
incinerating dishes (model 79MF-7a, Haldenwanger) and weighed on a microbalance 
(type AX205, Mettler Toledo). Samples were then placed in a furnace (Thermolyne™ 
furnace type 30400) to incinerate all organic matter at 550 °C for 4 hours and weighed 
again. The difference in weight before and after incineration of the organic matter was 
calculated and expressed as mg × g-1 (TOM: dry weight).  
For grain size analysis, freeze-dried samples were first sieved to remove particles 
larger than 2 mm before they were analyzed on a Mastersizer, 2000 (Malvern®). For 
sediment characterization the median particle diameter was used according to Blott 
and Pye (2012).  
AHL extraction of sediments 
Freeze-dried biofilm samples were extracted using dichloromethane (DCM). The 
method was based on Decho et al. (2009) with some modifications. Briefly, 30 mL of 
DCM was added to 10 g of sediment sample. Subsequently, 80 µL of internal standard 
mixture (C8D, C12D, OH13 and OXO9 dissolved in ACN) was added (final concentration 
of each ISTD 10 µM) and samples were mixed on a shaker (100-150 rpm, GFL 
reciprocating shaker 3006) for 30 minutes before they were filtered through a GF/F 
filter (glass microfiber filters, pore size 7 µm, diameter 47 mm, Whatman®) to remove 
sand and core particles. DCM was evaporated under vacuum (RapidVap, Labconco) 
and dried samples were taken up in 3×1 mL of ACN. Samples were transferred into 
5 mL HPLC glass vials and ACN was evaporated under nitrogen flow at room 
temperature. Finally, samples were taken up in 50 µL ACN, transferred to 200 µL 
inserts placed in 1.5 mL glass vials and stored at −80 oC until measurement. 





UHPLC-HR-MS Orbitrap measurements 
For method development, individual AHL standard stock solutions were prepared in 
acetonitrile (ACN) and combined into one standard mixture to a final concentration of 
25 µM for each compound. A separate stock only containing the internal standards 
(ISTDs) C8D, OXO9, OH13, and C12D was prepared in ACN with a final concentration 
of 6.25 µM for each ISTD.  
The analytical method was partially adapted from Sun et al. (2018). We used the same 
elution solvents, but in our study a column with a slightly smaller particle size and 
linear solvent gradient was used, with shorter equilibration times and a higher, 
adaptive flow rate. 
UHPLC-HRMS was carried out using an UltiMate HPG‐3400 RS binary pump (Thermo 
Scientific, Bremen, Germany) and a WPS‐3000 auto sampler which was set to 4 °C and 
equipped with a 25 μL injection syringe and a 100 μL sample loop. The injection volume 
was set to 1 μL for standard measurements and 10 μL for biofilm samples. The 
chromatography column Accucore® C18 column (2.1 × 100 mm, 2.6 μm particle size, 
Thermo Scientific, Dreieich, Germany) was kept at 25 °C within the column 
compartment TCC‐3200. This column has a smaller particle size compared to the one 
used by Sun et al. (2018) and allowed a better interaction and separation of the 
molecules. The elution was carried out using a linear solvent gradient (Table 2.2), with 
a shorter equilibration time and a smoother slope compared to the method of Sun et 
al. (2018). Eluent A was water with 2% acetonitrile and 0.1% formic acid (v : v). Eluent 
B was acetonitrile with 0.1% formic acid (v: v). The flow, instead of being fixed as in 
Sun et al. (2018), was adapted throughout the run, from 0.400 mL up to 0.625 mL. This 
allowed to keep the peak width of late eluting compounds narrow and therefore 
achieve a better separation. 
The UHPLC was coupled to a Thermo Scientific™ Q Exactive plus™ hybrid 
quadrupole‐Orbitrap mass spectrometer equipped with a heated electrospray 
ionization (HESI) source. Ionization was performed with a spray voltage of 3 kV and a 
capillary temperature of 360 °C. The sheath gas flow rate was kept at 60 au (arbitrary 
units); the auxiliary gas rate at 20 au and the sweep gas rate at 5 au. Nitrogen was used 
as desolvation gas.  
For monitoring of AHLs, a full scan measurement in positive mode was used with the 
following parameters: scanned mass range 50-750 m/z, resolution 280,000 (full width 
at half maximum FWHM at m/z 200), automatic gain control (AGC) target 3 × 106, 





MS2 experiments were recorded with the following parameters: resolution 35,000 full 
width at half maximum (FWHM) (m/z 200), automatic gain control (AGC) target 3 × 
106, maximum injection time (IT) of 200 ms and an isolation window of 0.4 m/z. The 
normalized collision energy (NCE, SI 2) was optimized for each AHL by direct infusion 
of a standard mixture and scanning for the best collision energy to obtain the highest 
intensity of the characteristic fragment at 102.0549 m/z (lactone ring fragment).  
 
Table 2.2 Gradient for UHPLC-HRMS measurements. Solvent A was water with 2% of 
acetonitrile and 0.1% of formic acid, solvent B was acetonitrile with 0.1% of formic acid. 
 
Time (min) Flow (mL min -1) Solvent B (%)  
0.0 0.400 0 
0.2 0.400 0 
9.7 0.675 100 
10.7 0.675 100 
11.7 0.400 0 
 
 
Calibration, linearity, stability and recoveries 
From AHL stock solutions, two independent calibration curves were generated for the 
most abundant AHLs found in biofilm samples (C8, C10 and C12). All calibration samples 
were prepared freshly and independently for an all-in-one calibration. Five calibration 
solutions contained C8, C10 and C12 in the range from 5 × 10−7 to 1 × 10−5 mol × L−1 in 
ACN with C8D and C12D as internal standard (2 μL of a 100 μmol × L−1 solution in ACN). 
Additional five calibration solutions contained C10 in the range from 1 × 10−9 to 1 × 10−7 
mol × L−1 in ACN with C12D as internal standard (2 μL of a 10 μmol L−1 solution in ACN). 
All calibration solutions were analyzed by UHPLC‐HRMS in five technical replicates. 
The injection volume was set to 10 μL. The average peak ratio was calculated by 
dividing the peak area of the analyte by the peak area of the ISTD (C8/C8D, C12/C12D, 
C10/C12D) and was plotted against the nominal concentration of each analyte for the 
working range of 1 × 10−9 to 1 × 10−5 mol × L−1. Normal distribution, the absence of 
outliers, and homoscedasticity was verified for the whole concentration range of each 
calibration curve. A Mandel test was applied to test the linear model against the 
quadratic model.  
Stability of the sample was determined by comparing the AHL content in freshly 
extracted samples and samples stored at -20 °C for six months. To measure recovery 
rates, a sample was spiked with the ISTDs and concentrations before and after DCM 
extraction were compared.  





AHL quantification  
All UHPLC-HR-MS data was acquired and processed with the software XcaliburTM 
(version 3.0.63, Thermo Fisher Scientific, Bremen, Germany). Peak areas were first 
analyzed with the embedded Quan Browser software and each peak was manually 
checked after integration. Areas of both, the [M+H]+ and the [M+Na]+ peak, were 
summed for integration. For AHL quantification in the sediment samples, one ISTD 
(C8D or C12D) was assigned to each target AHL based on retention time (Table 2.1). 
However, the degree of deuteration in the pure ISTDs C8D and C12D was not 100% 
and measurements showed that C8D and C12D contained approximately 1% non-
deuterated C8 and C12. Thus, the areas of C8 and C12 identified in the biofilm samples 
were corrected by subtracting 1% of the added standard that falsely contributed to 
these two analytes.   
Relative concentrations of AHL (Conct in µM) were calculated as follows: 
𝐶𝑜𝑛𝑐 = ×  𝐶𝑜𝑛𝑐    
with AAt = peak area of the target AHL in the sediment sample; AAISTD = peak area of 
corresponding internal standard in the sediment sample and ConcISTD = final 
concentration of the internal standard in the sediment sample (10 µM). 
Additionally, the AHL content of each sample was normalized to its organic matter 
content. The amount of a respective AHL was expressed in pmoles AHL g-1 TOM by 




×  𝐵 × 𝑉  / 𝑇𝑂𝑀 
with Mt  =  pmoles AHL g-1 TOM; B = moles of ISTD injected (10 pmoles); Vs = final 







Sediment and biofilm characterization 
The Paulinapolder site is a highly studied area for intertidal mudflat community 
dynamics (Bouma et al. 2016; Brouwer et al. 2015; Decleyre et al. 2015). A previous study 
assessed bacterial diversity of microphytobenthic biofilms in Paulinapolder and 
demonstrated that the most abundant bacterial phyla were Proteobacteria followed 
by Bacteroidetes and Cyanobacteria (Decleyre et al. 2015). AHLs are utilized by many 
members of the Proteobacteria for cell-cell communication (Waters and Bassler 2005), 
which is why Paulinapolder was chosen as a sampling site. Furthermore, a previous 
study on microbial mats detected diurnal AHL fluctuations with lower AHL 
concentrations during the day compared to nighttime, which was suggested to be due 
to an increase in pH caused by higher photosynthetic rates (Decho et al. 2009). This 
proposed link between AHL concentration and pH in microbial mats highlights that 
AHL production and persistence is influenced by environmental parameters.  
Environmental parameters monitored on our sampling sites were microphytobenthic 
biomass, total organic matter content and grain size of the sediments (Figure 2.5). We 
collected samples in winter and spring to determine seasonal differences in AHL 
concentrations. On average, chlorophyll a (chl a) concentrations, and hence 
microphytobenthic biomass, were higher in samples collected in April compared to 
February (Figure 2.5 and SI 1) (unpaired t-test: p < 0.0001). Most samples contained 
between 20 and 50 mg organic matter g-1 dry weight and were classified as very coarse 
silt (31.25 – 62.5 µm), very fine sand (62.5 – 125 µm) and fine sand (125 – 250 µm) based 
on particle size (Blott and Pye 2012). 
UHPLC-HR-MS Orbitrap measurements 
For detection and quantification of AHLs, we developed a protocol for UHPLC-HRMS 
by adapting a previous method from Sun et al. (2018). The new method managed to 
detect 19 different AHLs in less than 10 minutes and baseline separation was achieved 
for 16 out of 19 AHLs (as shown by the total ion current (TIC) chromatogram in Figure 
2.6). In the only case of incomplete separation (OH10 and C8), extracted ion 
chromatograms (EIC) allowed an unequivocal quantification (detail in Figure 2.6). 
Direct infusion measurements permitted to optimize collision energy for each 
compound. The resulting high-resolution MS/MS provided a fundamental tool to 
confirm the identity of each AHL in biofilm samples by combining the retention time 
information with the high-resolution mass spectra of the different side chain 





fragments from each molecule. Combination of a full scan mode with an all ion 
fragmentation (AIF) experiment allows to identify unknown AHLs by searching the 
accurate mass of the lactone ring fragment (m/z = 102.0549) (SI 3). 
 
Figure 2.5 Sediment characterisation of sediment samples. Chlorophyll a concentration, total 
organic matter content (TOM), and median grain size of samples used in this study. Samples 
were sorted according to season (Blue = February, Red = April) followed by chl a concentration 
(from high to low). Each bar represents one replicate. Dotted lines represent thresholds for 
sediment categorization according to Blott and Pye (2012): very coarse silt (31.25 – 62.5 m), 








Figure 2.6 UHPLC-HRMS analysis of AHL standard mixture. The total ion current (TIC) 
chromatogram shows a baseline separation of 16 out of 19 AHLs. The detail shows the 
extracted ion chromatogram (EIC) of OH10 and C8. The high resolution allows to identify the 
two compounds even when baseline separation is not achieved. 
 
Calibration, linearity, stability and recoveries 
All calibration standards passed statistical tests for normal distribution, linearity and 
homoscedasticity. As calibration data showed no homoscedasticity over the working 
range of 5 × 10−7 to 1 × 10−5 mol × L−1 and in the range of 1 × 10−9 to 1 × 10−7 mol × L−1 (tested 
with a one-way ANOVA, α = 0.05), a weighted linear regression (1/y) was applied for 
each internal standard (Miller and Miller 2005). Using a Mandel-test, no significant 
differences were determined between the weighted linear and quadratic regressions 
(SI 3). The weighted linear model was thus accepted and used for quantification. Re-
measurement of samples which were stored for six months at −20 °C in darkness 
resulted in an overall recovery of >80% compared to the freshly measured samples for 
AHLs, except for C14 (68%) and OXO6 (53.5%) (Figure 2.7). This result demonstrates 
the reliability of the analytical protocol and the stability of these compounds under 
the selected conditions.  
 The recoveries measured for the ISTDs after DCM extraction demonstrated that this 
extraction method is suitable for non-functionalized N-acyl homoserine lactones but 
less so for AHLs containing a hydroxyl- or a keto-group (Figure 2.8). The recovery for 
C8D ranged from 6% to 41% and for C12D from 13% to 47% while very low recoveries 





were observed with OXO9 (3-6%) and no recovery was observed for OH13. While these 
values are low compared to liquid extraction performed with ethyl acetate on pure 
bacterial cultures (Ortori et al. 2011), they are comparable to values from field samples 
extracted with methanol (Sun et al. 2018) and only slightly lower compared to samples 
extracted with SPE techniques (Wang et al. 2017).  
In our study, samples were evaporated using a RapidVap system which allowed 
evaporation of several samples simultaneously but has a lower evaporation rate 
compared to a rotary evaporator. Therefore, we chose DCM as volatile extraction 
solvent to decrease the evaporation time as much as possible to avoid AHL 
degradation, resulting in an acceptable compromise between extraction efficiency and 
evaporation time.  
  
Figure 2.7 AHL stability in ACN. AHL stability was assessed by measuring a standard mixture. 
After the first measurement, the sample was recapped and stored for six months at -20 °C 
before measuring it again. 
 
Figure 2.8 AHL recoveries. The recoveries 
were measured by comparing the 
concentrations of the internal standard 
mixture (OXO9, C8D, C12D, OH13) in the 






AHL content of biofilm samples 
Sediment samples were extracted with DCM and analyzed for their AHL content using 
UHPLC-HRMS to evaluate whether our sampling and extraction protocol was 
applicable. Out of the fifteen AHL standards with even numbered acyl side chains (C6–
C14, OH6–OH14 and OXO6–OXO14), eight could be identified in sediment samples in 
more than one replicate (C8, C10, C12, OH10, OH12, OH14, OXO10 and OXO12) and three 
AHLs could be quantified (C8, C10 and C12) (Table 2.3). More polar compounds like C6, 
OH6, OXO6, OH8 and OXO8 were not detected in the sediments. Among the identified 
AHLs, C12 and C8 were the most abundant ones and were found in >70% of all samples. 
OXO12, OH12 and C10 were detected in 30-70% of the samples and OH14, OH10 and 
OXO10 in less than 30% (Table 2.3). Regarding their quantification, the AHLs C12 and 
C8 were present at the highest concentrations in biofilms (average 640 and 335 pmol 
g-1 TOM) followed by considerably lower concentrations of C10 (average 3.5 pmol g-1 
TOM). Among these three AHLs, we did not observe strong differences between 
sampling seasons regarding their concentration and frequency of occurrence (Figure 
2.9).  
Table 2.3 Summary of N-acyl homoserine lactones detected in all sediment samples. AHL 
concentrations were calculated based on the sum of both parent ions, [M+H]+ and [M+Na]+ 
with “n.q.” = not quantified. Identifications describe the number of samples in which an AHL 
was identified and relative abundance the respective percentage (33 = 100%). Relative 
abundances are provided as *** = very common (70-100%), ** = common (30-70%) and * = 









C12 284.2216 306.2034 640.4 ± 258.4 33 *** 
C8 228.1592 250.1411 335.6 ± 201.6 32 *** 
C10 256.1903 278.1722 3.5 ± 1.7 22 ** 
OXO12 298.2007 320.1825 n.q. 14 ** 
OH12 300.2165 322.1982 n.q. 14 ** 
OH14 328.2476 350.2294 n.q. 4 * 
OH10 272.1853 294.1671 n.q. 3 * 
OXO10 270.1697 292.1514 n.q. 3 * 





Figure 2.9 AHL concentrations of C8, C12 and 
C10. Samples were separated by season (Blue 
= February, Red = April). Each replicate is 

















Microbial biofilms represent an environment where microorganisms are densely 
packed in a polymeric matrix. The biofilm matrix hinders free diffusion of molecules 
and especially hydrophobic compounds, e.g. AHLs with long acyl side chains, have 
been suggested to accumulate to high local concentrations (Huang et al. 2007). Despite 
the increasing body of work indicating that AHLs play an underestimated role in algae-
bacteria interactions, so far only very few studies have attempted to quantify in situ 
AHL concentrations in ecologically relevant biofilms. This is likely due to the technical 
difficulties associated with sampling, extraction, identification and quantification of 
AHLs. To address these challenges, this study aimed to identify and quantify AHLs 
present in low concentrations in intertidal sediments and provides a new approach for 
biofilm sampling and subsequent AHL quantification. 
Intertidal mudflats are highly productive areas in terms of primary production and 
often covered by diatom-dominated biofilms (Van Colen et al. 2014; Underwood and 
Kromkamp 1999). As no described sampling method was suitable to sample these 
biofilms for AHL extraction, we used a sampling method that was already successfully 
implemented to collect microphytobenthos for DNA and pigment extractions (Maris 
and Meire 2017). To our knowledge, this is the first demonstration of sampling with 
contact cores to analyze natural products from biofilms molecules besides pigments 
and nucleic acids. The method is robust and the amount of sediment allowed us to not 
only determine AHL concentrations but also to collect meta data such as total organic 
matter content and grain size in the same sample. Compared to a previously described 
method by Huang et al. (2007), biofilm sampling with contact cores was less time-
intensive and did not select for settlers on an artificial substrate. In addition, the 
bottom depth of the contact core ensured that only the euphotic zone (top 2 mm) of 
the sediment was sampled where the majority of the microalgal biomass is located 
(Forster and Kromkamp 2004).  
Furthermore, we developed a fast and robust UHPLC-HRMS method, which achieved 
a baseline separation of a higher number of AHLs compared to other published 
methods (Ortori et al. 2011; Wang et al. 2017) and allowed to unambiguously identify 
most of the investigated AHLs in TIC mode. All AHLs were accessible in SIM mode and 
the high sensitivity of the Orbitrap analyzer made it possible to quantify compounds 
that were present at low abundances with an unprecedented accuracy. High-
resolution mass spectrometry provided the accurate mass to reliably identify each 





AHL, even when AHLs were not perfectly baseline separated. Thanks to MS2 
experiments, the accurate mass of the characteristic lactone ring fragment (m/z = 
102.0549) could be monitored providing additional proof for correct identification. In 
addition, this method provides a tool to also identify non-standard AHLs with 
unknown retention times. Hence, the analytical method presented in this study is 
applicable to AHLs present at low concentrations in complex matrices and can be 
utilized as is for AHL detection in environmental samples.   
For AHL quantification, total organic matter content of each sample was used as a 
parameter for normalization, whereas previous studies predominantly used air- or 
freeze-dried weight of biofilms or sediment. Even though this procedure adds one step 
to the AHL quantification, namely ashing of sediment, it was useful to make AHL 
concentrations in different sediments comparable which naturally have a high 
variation in biomass (Herman et al. 2001). In previous studies samples often consisted 
almost entirely of biomass, e.g. sludge or microbial mats, and most of the dry weight 
of these samples was composed of organic matter making ashing of the sample 
obsolete (Decho et al. 2009; Wang et al. 2017). 
Regarding the AHL extraction from the sediment samples, we adapted a method with 
DCM which has been used in the past to quantify AHLs from microbial mats (Decho et 
al. 2009). However, recovery rates for pure standards were comparably low and 
showed that apolar AHLs (C8D and C12D) were extracted with higher efficiency 
compared to polar compounds (OXO9 and OH13). Despite this drawback, DCM 
extraction was considered as an acceptable tradeoff between extraction efficiency and 
evaporation time, making processing faster than many other extraction methods 
described to date. Higher extraction efficiencies for apolar compounds indicated that 
DCM extraction was likely to introduce a bias in the AHL identification which would 
explain why hydrophobic AHLs like C12 and C8 were identified with the highest signal 
concentrations (C12: 640.4 pmol g-1 TOM; C8: 335 pmol g-1 TOM). However, 
normalization prevents a bias in concentration and the prevalence of apolar AHLs is in 
accordance with the literature (Decho et al. 2009; Wang et al. 2017). For example, 
Decho et al. (2009) identified highest concentrations for C8 and C10 in microbial 
stromatolite mats with average concentrations of 12.43 nmol g-1 dry weight (3174 ppb) 
and 0.028 nmol g-1 dry weight (6.5 ppb), respectively. A study by Sheng et al. (2017) 
measured AHL concentrations in four different soil types which all had an organic 
matter content between 14 and 46 mg g-1 dry weight which is in the same range as the 





a total of five AHLs (C4, C6, C8, C10 and C14) with C8 being identified in three out of 
four soil types. The reported AHL concentrations of the soil samples ranged from 6.5 
pmol g-1 dry weight (1.3 µg kg-1) measured for C6 to 63.1 pmol g-1 dry weight (14.35 µg 
kg-1) reported for C8. However, it should be stressed that both studies used dry weight 
for standardization whereas a standardization to organic matter content was chosen 
in the present study.    
In summary, this study presents an approach to sample, extract and quantify AHLs 
from intertidal sediments. The sampling method is easy to carry out in the field and 
ensures that only the top 2 mm of the sediment are sampled. The described extraction 
method with DCM is a compromise between extraction efficiency and evaporation 
time. Compared to the extraction method by Decho et al. (2009) our extraction 
method is faster and the recovery rates for acyl AHLs are comparable to other studies 
which utilised different solvents. If polar AHLs are targeted, the extraction can be 
adapted by using more polar solvents or solvent mixtures. An additional SPE step can 
be easily introduced in the extraction workflow, especially when working with highly 
complex matrices. Compared to other analytical methods, our method presents a good 
compromise between short measurement time and peak separation, achieving 
baseline separation of a high number of AHL standards. In addition to the 
chromatographic performance, the use of high-resolution mass spectrometry allows 
to unambiguously identify known and potentially unknown AHLs even in complex 
matrices. All these characteristics make this methodology robust but also highly 
adaptable for AHL identification. Furthermore, the extraction solvents are easily 
exchanged to extract a broader range of compounds, thus expanding the potential of 
this sampling technique to other natural products.  
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SI 1. Pigment concen-
trations of biofilm sam-
ples used in this study 
(n=3). “F1-6” and “A1-6” 
indicate six different plots 
where samples were 
collected in February (F) 




SI 2. Normalized collision energy (NCE) for AHL fragmentation 
 m/z Start [min.] End [min.] (N)CE 
C6 200.12804 3.65 4.00 30 
OXO6 214.10718 2.35 3.15 35 
OH6 216.12286 1.95 2.85 20 
C8 228.15923 5.05 5.35 34 
C8D 230.17172 5.05 5.30 30 
OXO8 242.13832 4.10 4.50 51 
OH8 244.15407 3.80 4.15 20 
OXO9 256.15399 4.80 5.10 35 
C10 256.19031 6.10 6.40 30 
OXO10 270.16971 5.35 5.65 28 
OH10 272.18527 5.00 5.30 19 
C12 284.22162 7.15 7.45 30 
C12D 286.23416 7.15 7.40 30 
OXO12 298.20074 6.35 6.65 36 
OH12 300.21646 6.00 6.30 23 
C14 312.25280 8.10 11.00 30 
OH13 314.22885 6.85 7.15 37 
OXO14 326.23193 7.35 7.65 39 








SI 3. Calibration curves. a) C8-HSL, b) C12-HSL, c) C10-HSL (10 µM – 0.5 µM), d) C10-
HSL (0.1 µM - 0.01 µM). Green indicates weighted linear regression, red indicates 
quadratic regression. The internal standard (ISTD) is C8D for C8-HSL, C12D for C10- 
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Marine bacteria contribute substantially to nutrient cycling in the oceans and can 
engage in close interactions with microalgae. Many microalgae harbor characteristic 
satellite bacteria, many of which participate in N-acyl homoserine lactone (AHL) 
mediated quorum sensing. In the diffusion-controlled phycosphere, AHLs can reach 
high local concentrations, with some of them transforming into tetramic acids, 
compounds with a broad bioactivity. We tested a representative AHL, N-(3-
oxododecanoyl) homoserine lactone, and its tetramic acid rearrangement product on 
the diatom Phaeodactylum tricornutum. While cell growth and photosynthetic 
efficiency of photosystem II were barely affected by the AHL, exposure to its tetramic 
acid rearrangement product had a negative effect on photosynthetic efficiency and 
led to growth inhibition and cell death in the long term, with a minimum inhibitory 
concentration between 20 and 50 . These results strengthen the view that AHLs 











Marine bacteria play a pivotal role in the nutrient cycling of the oceans (Hmelo 2017). 
Many of them live in close association with microalgae, either in the phycosphere (the 
microscale mucus region that surrounds phytoplankton cells) (Seymour et al. 2017) or 
in phototrophic biofilms (Rolland et al. 2016). Several studies showed that marine 
microalgae can harbor very specific bacterial communities, with the most common 
phyla being lphaproteobacteria, Bacteroidetes and Gammaproteobacteria (Grossart 
et al. 2005; Schafer et al. 2002; Amin et al. 2012; Buchan et al. 2014; Green et al. 2015; 
Seymour et al. 2017). Among them the number of bacterial genera is very limited, with 
Roseobacter, Ruegeria, Sulfitobacter, Flavobacterium and Alteromonas representing the 
main groups (Amin et al. 2012; Grossart et al. 2005; Schafer et al. 2002). Interestingly, 
Proteobacteria are known to contain numerous species which engage in cell-cell 
signaling via N-acyl homoserine lactones (AHLs) (Case et al. 2008). AHLs are prominent 
quorum sensing (QS) compounds consisting of an -amino--butyrolactone moiety 
coupled via nitrogen to an acyl side chain which can reach a length of up to eighteen 
carbon atoms. This acyl side chain varies in its degree of saturation and in the 
oxidation state at the C3 position, which can be unsubstituted, hydroxylated or more 
oxidized as carbonyl group (Williams 2007).  
A screening for AHL production among 67 Alphaproteobacteria, isolated from the 
water column, dinoflagellate and diatom cultures, picoplankton and Laminaria 
surfaces, revealed that more than half of the strains produced AHLs, predominantly 
mixtures of almost exclusively long chained AHLs (≥ eight carbon atoms) (Wagner-
Dobler et al. 2005). In bacteria attached to sinking organic carbon particles, N-
(octanoyl) and N-(dodecanoyl) homoserine lactone as well as N-(3-oxohexanoyl) and 
N-(3-oxooctanoyl) homoserine lactone were structurally identified (Hmelo et al. 2011). 
In addition to their canonical role in intraspecific communication, AHLs have also been 
demonstrated to function as inter-kingdom signals between bacteria and eukaryotes 
(Joint et al. 2002; Zhou et al. 2016). For instance, AHL molecules can be perceived by 
algae as a beneficial chemical cue resulting in chemokinesis by Ulva zoospores or as a 
threat, triggering the activation of sophisticated defense mechanisms (Joint et al. 
2002; Joint et al. 2007; Syrpas et al. 2014; Teplitski et al. 2004). 
Despite previous studies highlighting the relative ubiquity of AHL production in 
marine bacteria (Wagner-Dobler et al. 2005; Hmelo et al. 2011), reports on in situ AHL 
concentrations in marine environments are rare. Nevertheless, an accumulation of 





> 3000 M of N-(dodecanoyl) homoserine lactone was measured in a subtidal biofilm, 
suggesting that AHLs can accumulate to high local concentrations (Huang et al. 2007). 
However, AHLs also degrade rapidly, via lactonolysis, rendering the compound 
inactive (Figure 3.1, path A) (Yates et al. 2002). Alternatively, 3-oxo-AHLs can also 
undergo rearrangement via a Claisen-like condensation reaction (Figure 3.1, path B), 
leading to the formation of tetramic acids (TAs) (Kaufmann et al. 2005). TAs possess a 
broad spectrum of bioactivity, including antimicrobial, antifungal and herbicidal 
properties (Petermichl and Schobert 2017). The TA derived from N-(3-oxododecanoyl) 
homoserine lactone (OXO12), for instance, exhibits high antimicrobial activity against 
Gram-positive bacteria, thereby providing OXO12 producing bacteria such as 
Pseudomonas aeruginosa with an additional chemical weapon against competing 
microorganisms (Kaufmann et al. 2005; Lowery et al. 2009).  
 
Figure 3.1 Schematic overview of the formation of tetramic acid from a 3-oxo-AHL. Reaction 
of N-3-oxododecanoyl homoserine lactone (OXO12) into its lactone hydrolysis product (Path 




In this study, we envisioned that AHLs and TAs play a role in diatom-bacteria 
interactions and hypothesized that these compounds could negatively affect diatom 
physiology. OXO12 and its tetramic acid rearrangement product, 3-(1-
hydroxydecylidene)-5-(2-hydroxyethyl)pyrrolidine-2,4-dione (TA12) were 
synthesized as examples of a 3-oxo-AHL and its respective TA derivative. OXO12 was 
selected as its physicochemical properties and the kinetics of its decomposition into 
TA have been described earlier (Kaufmann et al. 2005). Moreover, a preliminary screen 






Phaeodactylum tricornutum when growth was followed for one week (Figure 3.2). To 
this end, we investigated how the marine model diatom P. tricornutum responds 
during short and long-term exposure to OXO12 and TA12, via photo-physiology, 
growth and viability experiments. In addition, we explored the generality of our 
findings by testing its effect on the diatom Cylindrotheca closterium as well as on 
natural marine diatom communities. 
 
Figure 3.2 Growth effects of 3-oxo-AHL homologs on P. tricornutum. Four N-3-oxo-acylated 
homoserine lactones with carbon chain lengths ranging from six to twelve carbon atoms were 
tested on the diatom P. tricornutum. Selected 3-oxo-AHLs were added daily at a concentration 
of 10 M. Statistical analysis of samples revealed significant differences that were detected 
already from the second day of the experiments. A growth inhibiting effect was observed for the 
cultures of P. tricornutum treated with N-(3-oxododecanoyl) homoserine lactone (OXO12) 
(Syrpas 2014). Values are expressed as averages of minimum fluorescence (F0) of three 
replicates. 
 
In fact, both OXO12 and TA12 inhibited diatom growth (Figure 3.3A and B). When P. 
tricornutum was treated with TA12, cell growth was inhibited with concentrations as 
low as 20 M and was completely inhibited at 50 M (Figure 3.3B). At 50 M TA12, 
SYTOX staining revealed that approximately 25% of the cell population was dead after 
six days. Starting from 80 M TA12, cell death increased to approximately 90% of the 
population and at 150 M TA12 cell lysis was observed (SI 1). Exposure of P. tricornutum 
to OXO12 also induced growth inhibition (Figure 3.3A), however, at higher 
concentrations compared to TA12. Starting from 150 M, a significant reduction in cell 
abundance was observed and exposure to 300 M led to a complete growth arrest. 
Days




















Figure 3.3 Response of P. tricornutum to OXO12 and TA12 treatment. Cell density (black 
bars, left y-axis) and percentage of dead cells (grey bars, right y-axis) of P. tricornutum at day 
six after compound addition of OXO12 (A) and TA12 (B). Inhibition of PSII of P. tricornutum 
treated with OXO12 (C) and TA12 (D). Measurement was started within five minutes after 
compounds were added to the culture and monitored over five hours. Values represent 
averages of three replicates.  
 
These findings prompted us to investigate the short-term physiological response of P. 
tricornutum upon treatment with OXO12 and TA12. To this end, chlorophyll 
fluorescence was measured by pulse amplitude modulated (PAM) fluorometry, a non-
destructive way to characterize photosynthesis. A decrease in the quantum efficiency 
of photosystem II (PSII), F/Fm’, measured in cultures exposed to light, reflects an 
inhibition of photosynthetic electron transport (Genty et al. 1989). The inhibition of 
PSII quantum efficiency increased with rising TA12 concentrations (Figure 3.3D), a 
trend which was not observed in the OXO12 treatment (Figure 3.3C). At the highest 
TA12 concentration tested (300 M), PSII quantum efficiency was completely inhibited 






fluorescence, Fm’ (not shown). This inhibition suggests that the photosynthetic 
electron transport of P. tricornutum was severely impaired. Below 50 M TA12, cells 
recovered within hours of exposure to TA12. In contrast, cells treated with up to 300 
M OXO12 remained largely unaffected in the first hours (Figure 3.3C and SI 2). 
The inhibition of F/Fm’ in the TA12 treatment pointed towards a blockage of the 
photosynthetic electron transport chain but did not indicate where it occurs. To gain 
insight into the location of the blockage, we measured chlorophyll a fluorescence 
induction kinetics of P. tricornutum cells exposed to TA12. As a comparison, P. 
tricornutum was treated with the PSII inhibitor DCMU, which is known to occupy the 
QB niche of PSII at low concentrations (Chen et al. 2007). After ten minutes of 
incubation, the DMSO control showed a typical O-J-I-P transient upon exposure to a 
saturating light pulse (Figure 3.4) whereas DCMU treatment changed the fluorescence 
transient in such a way that maximum fluorescence (Fm) was already reached at the J-
step (2 ms) of the curve, reflecting that QA is entirely reduced (Chen et al. 2007). 
Similarly, we observed a concentration dependent increase in the curve at the J-step 
when P. tricornutum was treated with TA12, indicating a blockage between the primary 
electron acceptor site in PSII, QA, and the secondary acceptor QB. However, we did not 
reach Fm at the J-step, indicating that electron transport was not entirely blocked 
(Figure 3.4). Based on these results we claim that the effect of TA12 is similar to 
tenuazonic acid (Figure 3.5), a herbicidal TA which inhibits electron transport from QA 
to QB in the unicellular green alga Chlamydomonas reinhardtii (Chen et al. 2007).  
 
Figure 3.4 Fast fluorescence 
transients of TA12 treated P. 
tricornutum. Treatment with 
increasing TA12 concentrations 
induced a rise at the J-step 
(indicated with a dotted line at 2 
ms) of the fast fluorescence 
transient, similar to the PSII 
inhibitor DCMU. Vt was calculated 









In addition, we could show that TA12 also inhibits 
photosynthesis in a similar way in natural marine diatom 
communities (Figure 3.6). This is revealed by the strong 
decrease of the quantum efficiency, ΔF/Fm’, of PSII at all 
light irradiances (I) (Figure 3.6A), which is translated into a 
decrease in relative electron transport rate through PSII 
(rETRPSII) (Figure 3.6B). In parallel, the fluorescence 
induction curve in TA12 conditions strongly resembles that 
of DCMU (Figure 3.6C and D), confirming that TA12 inhibits the QA to QB transfer in 
natural diatom communities. 
 
Figure 3.6 Effect of TA12 on photo-physiology in natural phytoplankton samples. Effective 
quantum efficiency of PSII (F/Fm’) (A), relative electron transport rate (rETRPSII) (B) and 
fluorescence-induction curves of natural marine phytoplankton samples (C&D) treated with 
DMSO, TA12 (100 M) and DCMU (10 M). In (A) and (B) X-axis presents irradiance I. For 
fluorescence inductions curves, samples were exposed to 135 mol photons m-2s-1 (C) or 1500 
mol photons m-2 s-1 (D) and plotted on a log10-time scale in milliseconds. Only one biological 
replicate was exposed to 135 mol photons m-2s-1. In all other plots values represent the 
averages of biological replicates, error bars represent standard deviations, n=3, DCMU n=2. 









The overall growth pattern of P. tricornutum treated with TA12 indicates that the 
minimum inhibitory concentration (MIC) of TA12 on P. tricornutum is between 20 and 
50 M (Figure 3.3B), which is comparable to the previously reported MIC of TA12 on 
Gram-positive bacteria (8–55 M) (Kaufmann et al. 2005). In comparison, the half-
inhibitory concentration of the herbicidal TA tenuazonic acid on PSII in C. reinhardtii 
was found at 192.94 g/mL (0.98 mM) which is more than one order of magnitude 
higher (Chen et al. 2007). In addition to its strong inhibitory effect on photosynthesis, 
it is possible that TA12 has an additional mode of action as concentrations of 150 M 
and higher caused cell lysis. TA12 was shown to dissipate membrane potential and pH 
gradient in Gram-positive bacteria (Lowery et al. 2009), a mode of action which is 
similar to the structurally related tetramic acid reutericyclin, which has been shown 
to act as an ionophore in Gram-positive bacteria, with MIC’s between 0.06 and 2.6 
mg/L (0.17–7.44 M) (Gänzle 2004). 
It is conceivable that bacterial signal molecules, and thus their tetramic acid 
transformation products, can accumulate to high local concentrations in the 
diffusion-controlled phycosphere and biofilm matrix where diatoms and bacteria 
interact. We measured the rearrangement of 100 M OXO12 into TA12 in artificial sea 
water (average pH 8.4) via HPLC-MS analysis over the course of six days (Figure 3.7). 
During this period the concentration of TA12 increased to a maximum of nearly 20 M 
during the first 24 hours. Consequently, extrapolation of this result suggests that the 
MIC for TA12 can be obtained from starting concentrations of OXO12 of ~250 M, ten-
fold below the concentration measured in a subtidal biofilm (Huang et al. 2007). 
Moreover, we observed that the TA12 concentration decreased after 24 hours, which 
could be explained by the formation of untraceable water-soluble products from TA12. 
In addition, we detected the highest concentration of the lactonolysis product (not 
quantified) at day three.  
 
 
Figure 3.7 Rearrangement of OXO12 into 
TA12. The spontaneous structural 
rearrangement of 100M OXO12 in artificial 
sea water was monitored over six days via 
HPLC-MS. Values represent the measured 
TA12 concentration inM. 





In conclusion, we show that the tetramic acid derived from OXO12 can negatively 
affect photosynthesis in P. tricornutum and natural diatom communities, and provide 
a model showing that TA12 is likely to bind at the QB quinone binding site in PSII (Figure 
3.8). Moreover, we observed that the effect of TA becomes more potent with an 
increase in acyl chain length at the C3 position (TA14) and that different diatom species 
respond differently to TAs with shorter acyl chain length (TA6–TA10) (SI 3). While TA12 
and TA14 led to a strong decrease in growth (probed with culture fluorescence) 
starting from 20 and 10 M, respectively, in P. tricornutum and Cylindrotheca 
closterium, TA6–TA10 hardly affected growth in C. closterium and decreased growth 
by only 20% in P. tricornutum (SI 3). Taken together, these data suggest that AHL-
derived tetramic acids may play a significant role in bacteria – diatom interactions in 
the global oceans.  
 
Figure 3.8 Schematic overview of the electron transport chain and the proposed site of 
blockage of TA12. TA12 is hypothesized to block electron flow at the electron acceptor site of 
PSII (red line). PQ = plastoquinone; PQH2 = plastoquinol; Cyt b6f = Cytochrome b6f complex; Fd 
= ferredoxin; FNR = ferredoxin-NADP+ oxidoreductase. Black arrows indicate electron 









Wildtype P. tricornutum (Pt1) Bohlin Strain 8.6 was obtained from the Provasoli-
Guillard National Center for Culture of Marine Phytoplankton (CCMP2561). C. 
closterium VD05 was obtained from the Belgian Coordinated Collections of 
Microorganisms (BCCM, http://bccm.belspo.be). Cells were cultured in artificial 
seawater (ASW) (34.5 g/L Tropic Marin, 0.08 g/L NaHCO3) supplemented with 
Guillard’s f/2 (Sigma-Aldrich) at 18°C. If not stated otherwise, axenic diatom cultures 
were used for the experiments. To make diatom cultures axenic cells were cultured in 
ASW supplemented with antibiotics (500 µg mL-1 penicillin, 500 µg mL-1 ampicillin, 100 
µg mL-1 streptomycin and 50 µg mL-1 gentamicin) for 1-2 weeks prior to the 
experiment. During the experiments itself the medium did not contain antibiotics. For 
Pulse Amplitude Modulated (PAM)-fluorometry experiments P. tricornutum was 
grown in 12:12 h light:dark cycles at 25 mol photons m-2 s-1. Due to different culturing 
facilities, P. tricornutum was grown under 16:8 h light:dark cycles and a light intensity 
of 80 mol photons m-2 s-1 produced by cool fluorescent tl-tubes for flow cytometry 
experiments and for measuring OJIP fluorescence transients. All experiments were 
performed with exponentially growing cultures (if not stated otherwise approximately 
106 cells/mL).  
Natural communities consisting mainly of filaments of the centric diatom 
Leptocylindrus sp. were sampled on June 15th and 16th, 2018 from the Penzé estuary 
(Brittany, France) using a phytoplankton net with a 10 m mesh size and kept in 650 
mL culture flasks at 16°C and constant low light. They were additionally concentrated 
before measurements by filtering on a 10 m polycarbonate filter and gentle 
resuspension in the original sample.  
Synthesis of N-(3-oxododecanoyl) homoserine lactone (OXO12) and tetramic acids  
N-(3-oxododecanoyl) homoserine lactone (OXO12) was synthesized as described in 
Hodgkinson et al. (2011) TA12 was prepared from OXO12 based on the procedure 
reported in Kaufmann et al. (2005) with minor modifications. Briefly, 0.67 mmol of 
OXO12 was dissolved in 3 mL dry methanol under argon atmosphere. After adding one 
equivalent of sodium methoxide in methanol (0.5 M) the mixture was stirred under 
reflux for 3 hours. Subsequently, the mixture was poured into 10 mL of water and 
extracted with 10 mL of diethyl ether. The organic phase was discarded, and the 





aqueous phase was acidified with 2M HCl and extracted three times with 10 mL of 
diethyl ether. The combined organic phases were dried over MgSO4. The solvent was 
then evaporated under vacuum and the residue was recrystallized several times with 
hexane. The purity of the compounds was checked via HPLC before stock solutions of 
OXO12 and TA12 were prepared in dimethyl sulfoxide (DMSO). 1H and 13C NMR data of 
OXO12 and TA12 were in accordance with literature data (Hodgkinson et al. 2011; 
Kaufmann et al. 2005) (For compound spectra see supporting information). All other 
tetramic acids used in this study (TA6–TA10 and TA14) were synthesized according to 
the general procedure outlined in Kaufmann et al. (2005). 
Rearrangement of OXO12 to TA12 
To trace the rearrangement of OXO12 to TA12, 5 L per 1 mL total volume of a 20 mM 
OXO12 stock solution was diluted using ASW (without f/2, pH 8.15) to a final 
concentration of 100 M OXO12 and 0.5% (v/v) DMSO. The solution was stirred at 20 
°C and periodically analyzed following an adapted literature method (Kaufmann et al. 
2005). A 10 mL sample was acidified to pH 2 using 6M HCl and extracted twice with 
the same volume of CHCl3. After evaporation of the solvent, the residue was dissolved 
in 200 L of acetonitrile and analyzed using an Agilent 1200 Series HPLC-system with 
a Supelco Ascentis Express C18 column, equipped with a DAD and quadrupole MS 
detector. The samples were eluted using an acetonitrile/water gradient and 
quantitatively analyzed using a SIM method (296 (M-H+)), making use of a standard 
dilution series of TA12. 
Pulse Amplitude Modulated (PAM) Fluorometry 
For the short-term response, compounds were added to the cell suspension in a 48-
well plate (Greiner Cellstar, Sigma). The plate was placed under a PAM-fluorometer 
(MAXI Imaging PAM M-series, Walz Mess-und Regeltechnik). The light adapted 
equivalent of minimal  fluorescence (F0’) and maximal fluorescence (Fm’) were 
measured over a time course of five hours under actinic light (15 mol photons m-2 s-
1), provided by the MAXI Imaging PAM blue LED-panel (Consalvey et al. 2005). Every 
three minutes an 800 ms saturating pulse was applied. Sequential data of F’ and Fm’ 
were subsequently averaged over triplicates. The photosynthetic efficiency of PSII was 
calculated as F/Fm’, with F = Fm’– F’ (Genty et al. 1989). Inhibition of photosynthetic 













For natural samples, chlorophyll fluorescence was measured with a Joliot-type 
spectrophotometer (JTS-10, Biologic). The excitation light was obtained with a white 
probing LED and a blue/green filter. Actinic light and saturating pulses (5000 mol 
photons m-2 s-1, 250 ms) were obtained with a 629 nm LED crown. A high-pass filter 
(Schott RG-695) in front of the photodiode detector was used to cut the actinic light. 
The relative electron transport rate through PSII (rETRPSII) versus intensity (I) curves 
were constructed by exposing the same sample to six different light intensities until 
steady state photosynthesis and calculated as (Fm’–F’)/Fm’ × I.  
For long-term growth experiments, cells were dark-adapted for 15 min prior to the 
fluorescence measurement. Minimum fluorescence, F0, served as a proxy for biomass 
and was measured every day for one week. For graph SI 9, F0 values measured at the 
last day of the experiment were used and a relative fluorescence was calculated as: 




Cell counts and cell death analysis by flow cytometry 
Flow cytometry analysis was done on either an Eclipse (Sony Biotechnology Inc.) or a 
LSRII (Becton Dickinson) flow cytometer, both equipped with 405 and 488 nm solid-
state air- cooled lasers and with standard optic filter set-up. For each sample 10,000 
events were acquired. For cell viability, and cell counts, samples were stained with a 
final concentration of 1 M Sytox Green (Invitrogen) and incubated in the dark for 
30 min at 20 °C. Samples were then analyzed on an Eclipse Flow cytometer (ex: 488 
nm and em: 500–550 nm). An unstained sample was used as a control to eliminate the 
background signal. Cells were identified by plotting the chlorophyll fluorescence 
(663–737 nm) versus green fluorescence (500–550 nm). 
OJIP fluorescence transients 
An axenic P. tricornutum culture was adjusted to approx. 2 x 106 cells/mL and 
supplemented with 40 M sodium bicarbonate. TA12 stocks were prepared in DMSO 
and added to the diatom culture in 1.5 mL cuvettes (Brand) such that the final DMSO 
volume was 0.5% (v/v). DCMU stock was prepared in ethanol and added to the culture 
at a final concentration of 1 M. After compound addition the treated cultures were 
incubated in the dark for ten minutes. Finally, the OJIP fluorescence transients of the 
cultures were measured with an Aqua Pen (AP-C 100, Photon Systems Instruments). 
OJIP fluorescence transients were normalized according to Strasser et al. (2000): 





 Vt  =(Ft– F0)/(Fm– F0)  
Vt = relative variable fluorescence; Ft = fluorescence at time t; F0 = minimum 
fluorescence at 50 s; Fm = maximum fluorescence. 
Statistical analysis 
Flow cytometry data were analyzed using One-way ANOVA and Dunett’s multiple 
comparisons test. In this analysis, all treatments were compared to their 
corresponding DMSO control. Statistically significant differences are indicated with 
asterisks: * = p ≤ 0.05. All statistical analyses were performed with GraphPad Prism 
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 Supporting Information 
3.6.1 Spectra of OXO12 and TA12 
HPLC-spectrum of OXO12 (with UV absorption at 254 nm, > 98 % purity)  
 
 








13C NMR of OXO12 (100 MHz, CDCl3) 
 
 
HPLC-spectrum of TA12 (with UV absorption at 280 nm, > 98 % purity) 
 
  





1H NMR of TA12 (400 MHz, CD3OD) 
 








3.6.2 Additional Figures 
SI 1. Light-microscopy pictures of P. tricornutum taken after seven days of treatment 
with TA12. A) DMSO control treatment of P. tricornutum did not induce any changes 
in cell morphology. B) Cell density of P. tricornutum treated with 50 M TA12 is lower 
than in the DMSO treatment. C) Lysed cells after treatment with 150 M TA12. Each 
column shows three pictures of the same treatment.  
A) DMSO B) 50 M TA12 C) 150 M TA12 
 
  





SI 2. Effective quantum yield (F/Fm’) of P. tricornutum treated with A) OXO12 and B) 
TA12 measured in the first five hours after compound addition under actinic light (15 
mol photons m-2 s-1). 
 
 
SI 3. Relative chlorophyll fluorescence (DMSO control = 100%) of the diatoms P. 
tricornutum and C. closterium after six days of exposure to tetramic acids with 
increasing acyl chain length. Compounds were added during the first two days of the 
experiment. Relative fluorescence decreased with about 30% in P. tricornutum and 
20% in C. closterium treated with TA6, TA8 and TA10. However, with TA12 and TA14 
growth was severely affected in both diatoms starting from 20 M and 10 M, 
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Diatoms are ubiquitous unicellular microalgae, which are found in almost any aquatic 
habitat, where they closely interact with bacteria. Understanding the mechanisms of 
these interactions is crucial to understanding diatom behavior and proliferation. 
Recent studies describe the isolation of 2-alkyl-4-quinolones from marine bacteria. 
Both the isolated quinolones and bacterial isolates exhibit growth inhibiting effects on 
microalgae, suggesting these compounds play a role in mediating diatom – bacteria 
interactions. Here we investigated the effects of several quinolones on the diatoms 
Achnanthidium minutissimum, Cylindrotheca closterium and Phaeodactylum 
tricornutum. The growth of all three diatoms was inhibited by quinolones, with half-
maximal inhibitory concentrations as low as the sub-micromolar range. Using a multi-
faceted approach, dual modes of action were uncovered for 2-heptyl-4-quinolone in 
P. tricornutum. Firstly, photosynthetic electron transport was obstructed via 
inhibiting the cytochrome b6f complex, and to a lesser extent PSII. Secondly, proton-
motive-forces were suppressed in dark-adapted samples, indicating a repression of 
ATP supply to plastids from mitochondria via organelle energy coupling. This was 
attributed to an inhibition of respiration and was confirmed via oxygen evolution 
measurements. Diatoms are regularly associated with bacteria producing quorum 
sensing molecules, and these data highlight how quorum sensing signals mediate 
interkingdom interactions mechanistically. They also provide a deeper understanding 
of organismic interactions between diatoms and bacteria, which fundamentally shape 








Diatoms are a class of unicellular algae found worldwide in aquatic environments, in 
which they are one of the chief primary producers (Nelson et al. 1995). They persist in 
both benthic and pelagic habitats, surrounded by a diverse array of other microbes, in 
particular bacteria (Amin et al. 2012; Grossart et al. 2005). While a wide range of diatom 
– bacteria interactions have been identified, characterization of the molecules and the 
corresponding modes of action driving these interactions remains scarce. 
Nevertheless, recent publications have highlighted a handful of metabolites 
synthesized by marine bacteria, possessing substantial effects on diatom phenotype, 
notably the growth promoting auxin (Amin et al. 2015), and the growth inhibitors N-9-
hexadecenoylalanine methyl ester (Ziesche et al. 2015), isatin (Sakata et al. 2011), and 
tetramic acids (Stock et al. 2019).  
A class of bacterial alkaloids, 2-alkyl-4-quinolones, some of which are utilized by 
bacteria as quorum sensing  signals (Dubern and Diggle 2008), have been identified as 
possessing algicidal effects among a variety of microalgae (reviewed in (Meyer et al. 
2017)). Although not as ubiquitous as other QS compounds such as N-acyl homoserine 
lactones, previous studies have reported that marine bacteria, particularly 
Pseudoalteromonas and Alteromonas species  (Harvey et al. 2016; Sakata et al. 2008; 
Long et al. 2003), but also freshwater and soil bacteria of the genera Pseudomonas and 
Burkholderia produce quinolones (Coulon et al. 2019; Diggle et al. 2006).  
Quinolones reported most frequently from marine bacteria are 2-pentyl-4-quinolone 
(PHQ) (Long et al. 2003) and the closely related 2-heptyl-4-quinolone, HHQ (Harvey 
et al. 2016; Sakata et al. 2008; Meyer et al. 2017; Long et al. 2003). A recent study by 
Harvey et al. demonstrated that the marine bacterium Pseudoalteromonas piscicida 
was toxic to the microalga Emiliania huxleyi, due to the excretion of HHQ, with IC50 
values in the nanomolar range (2016). In addition, two quinolones (which varied in 
length and saturation of the 2-alkyl chain) were detected in extracts of another 
Alteromonas strain (KNS-16), all of which induced growth inhibition in the marine 
microalga Heterosigma akashiwo (Cho 2012). Another group of quinolone analogs, the 
quinolone N-oxides, containing an N-hydroxyl group, have been shown to be strong 
antibacterial agents among bacteria with remarkable selectivity of different congeners 
(Szamosvári and Böttcher 2017; Szamosvári and Böttcher 2018). Interestingly, 




quinolone N-oxides are not part of any QS circuit, suggesting their primary function 
is interspecies competition. 
Our understanding of the effects of quinolones on diatoms remains scarce. In recent 
works treating diatoms with quinolones, it was shown that PHQ inhibits growth in 
Cylindrotheca fusiformis, Thalassiosira weissflogii and natural phytoplankton 
assemblages (Long et al. 2003). The same compound was also found to inhibit growth 
and/or motility of the benthic diatoms Amphora coffeaeformis, Navicula sp. and 
Auricula sp. (Wigglesworth-Cooksey et al. 2007). However, it is still not clear what 
causes quinolones to inhibit growth of microalgae. 
In other eukaryotes, studies by Reil et al. found that synthetic quinolones, including 2-
alkyl-4-quinolones, were inhibitors of complex I (NADH:ubiquinone-oxidoreductase) 
and complex III (Cytochrome bc1 complex) in mitochondria isolated from beef heart 
(and in the proteobacterium Rhodospirillum rubrum) (Reil et al. 1997). In addition, the 
same authors tested synthetic quinolones on isolated spinach thylakoids and reported 
that 2-alkyl-4-quinolone N-oxides and 2-alkyl-4-quinolones were strong and 
moderate photosystem II  inhibitors, respectively (Reil et al. 2001). The aurachines, 
which have structural similarities with 2-alkyl-quinolones, have also been shown to 
inhibit electron transport in spinach thylakoids (Oettmeier et al. 1990). 
The observations that quinolones produced by marine bacteria can inhibit growth in 
certain microalgae prompted us to investigate their effects on diatoms in detail. We 
aimed to study how structural analogs would affect diatom growth, and whether a 
mode of action could be observed with diatoms in vivo. In this publication, we present 
work regarding a number of native bacterial quinolones, namely 2-heptyl-4-quinolone 
N-oxide (HQNO) as well as the Pseudomonas quorum sensing signals HHQ and 2-
heptyl-3-hydroxy-4-quinolone (PQS), and the 2-nonyl congeners, 2-nonyl-4-
quinolone (NHQ) and 2-nonyl-4-quinolone N-oxide (NQNO). To account for the 
different environments where quinolones have been detected, we selected three 
diatoms from different aquatic ecosystems for our initial screening: Achnanthidium 
minutissimum represents a biofilm forming fresh water diatom, whereas 
Cylindrotheca closterium is a marine biofilm forming diatom often found in the benthos 
of the intertidal zone. In contrast, Phaeodactylum tricornutum is a planktonic diatom 
which was originally isolated in coastal water (De Martino et al. 2007). As Reil et al. 






thylakoids, we used a variety of experiments to probe photosynthesis and respiration, 
to identify the acting site of quinolones within intact diatoms.   
  





Diatom strains and culture conditions 
Phaeodactylum tricornutum (“wild type 8”, NEPCC 640) was obtained from the 
Canadian Centre for the Culture of Microorganisms (CCCM, 
http://cccm.botany.ubc.ca). Another strain of P. tricornutum (“wild type 1” Pt 1.8.6) 
was used for the identification of the site of inhibition of HHQ because the 
deconvolution of the ECS and c-type cytochromes signals (see below) were previously 
made on this strain and we could not rule out that this deconvolution procedure would 
be as correct in WT 8. Achnanthidium minutissimum (Kützing) Czarnecki was isolated 
from epilithic biofilms of Lake Constance, Germany. Cylindrotheca closterium strain 
WS3_7 (DCG 0623) was obtained from the Belgian Coordinated Collections of 
Microorganisms (BCCM, http://bccm.belspo.be). Prior to the experiments, P. 
tricornutum and C. closterium cultures were made axenic by treating them with an 
antibiotic mix (500 μg mL-1 penicillin, 500 μg/ml ampicillin, 100 μg mL-1 streptomycin 
and 50 μg mL-1 gentamicin) for a week and replacing the antibiotic supplemented 
medium every second day. A. minutissimum was axenified according to Windler et al. 
(2012), and was cultured in a modified Bacillariophycean Medium (Schlösser 1994), 
which instead of soil extract contained F/2 multivitamins, trace metal and 
silicon/selenium nutrients. P. tricornutum and C. closterium were cultured in Artificial 
Seawater Medium (ASW) (34.5 g L-1 Tropic Marin, 0.08 g L-1 NaHCO3) supplemented 
with Guillard’s F/2 (Sigma-Aldrich, (Guillard 1975)). Due to different culture facilities, 
diatoms were incubated at 18 °C in a 12:12 h light:dark regime at 25 μmol photons m-2 
s-1 for growth experiments, and at 20 °C with a 16:8 h light:dark regime with a light 
intensity of 70 µmol photons m-2 s-1 for PAM fluorometry and Clark electrode 
experiments. For JTS-10 experiments, P. tricornutum was incubated at 20°C with a 
12:12 h light:dark regime with a light intensity of 70 µmol photons m-2 s-1. 
Cell counts were conducted using a Multisizer 4e Coulter Counter (Beckmann 
Coulter). Samples collected for chlorophyll content determination (3 mL of culture) 
were centrifuged (4500 g, 5 min) and the pellet was extracted with 100 µL of methanol 
and vortexed, followed by an additional 900 µL of acetone. The resulting suspension 
was vortexed and centrifuged once more (18000 g, 2 min). The chlorophyll content of 
the resulting supernatant was determined according to (1975), in quartz cuvettes using 






Preparation of quinolone solutions 
The 2-alkyl-4-quinolones (HHQ and NHQ) and 2-alkyl-4-quinolone-N-oxides (HQNO 
and NQNO) were synthesized as described before (Szamosvári and Böttcher 2017). 
Briefly, corresponding 3-oxoalkanoic acid methyl esters generated from acyl chlorides 
with Meldrum’s acid were used in condensation reactions with aniline to lead to 
methyl-3-phenylamino-2-enoates that were subsequently subjected to Conrad-
Limpach cyclization giving the 2-alkyl-4-quinolones. For the preparation of HQNO 
and NQNO, HHQ and NHQ were converted into their hydroxyquinoline tautomers as 
ethyl carbonates that were used in the subsequent N-oxidations (Woschek et al. 2007). 
The resulting ethyl carbonate N-oxides were deprotected to yield the corresponding 
HQNO and NQNO. PQS was prepared after Hradil et al. using anthranilic acid that was 
converted to 2-oxononyl 2´-aminobenzoate and consequently cyclized in NMP at 
250°C to PQS (Hradil et al. 1999). 
2-Heptyl-4-quinolone (HHQ), 2-nonyl-4-quinolone (NHQ), 2-heptyl-3-hydroxy-4-
quinolone (PQS), 2-heptyl-4-quinolone N-oxide (HQNO) and 2-nonyl-4-quinolone N-
oxide (NQNO) were prepared in DMSO (Sigma-Aldrich) such that the final volume of 
DMSO added to the cultures or samples was always 0.5 % (v/v). 
Growth assays 
At the start of the experiment, axenic cultures of A. minutissimum and P. tricornutum 
were adjusted to an appropriate cell density using a Multisizer Coulter Counter. In the 
case of C. closterium a fixed minimum fluorescence was used using a PAM fluorometer 
(Walz, Germany), due to the cells rapid sinking rate. Growth assays were conducted in 
48-well plates (Greiner Cellstar, Sigma-Aldrich) and tracked for six days following 
compound addition. Growth was measured by recording chlorophyll 
autofluorescence, which was normalized to a blank well (filled with ASW), using a 
Cytation 5 Cell Imaging Multi-Mode Reader (425 nm excitation /685 nm emission, 
Biotek). The treatments were randomized among well positions, with three replicates 
per treatment. The entire growth assay was repeated once more with similar trends. 
Growth rates were calculated as the logarithmic ratio of cell densities divided by the 
time interval. The exponential growth phase was thus identified, from which IC50 
values were derived using the online AAT Bioquest tool (AAT Bioquest). 




Dual PAM experiments 
Dual PAM experiments were carried out using a Walz Dual PAM 100 
fluorometer in dual channel mode, equipped with a Dual-E and a Dual-DB 
detector and a cuvette holder with stirrer. Cultures of P. tricornutum in the 
exponential phase were concentrated to a chlorophyll a concentration of 40 µg 
mL-1, supplemented with sodium bicarbonate to prevent carbon limitation (16 
mM), and adjusted to pH 8.0. For each test, 2 mL of this prepared suspension 
was treated with a quinolone stock solution or DMSO control (for a final DMSO 
concentration of 0.5 % (v/v)) and incubated in very low light (resting in the 
cuvette holder, equivalent to no higher than 10 µmol photons m-2 s-1 at the 
surface) for two minutes with stirring, after which the holder was closed. After 
10 seconds in the dark, each sample was exposed to one saturating multi 
turnover pulse (intensity 8000 µmol photons m-2 s-1, width 800 ms), then low 
actinic red light was switched on (68 µmol photons m-2 s-1) followed by a 
saturating pulse after 30 s. Stirring was switched off immediately before each 
pulse and restarted immediately afterwards. PSII fluorescence and P700 
absorbance (875 nm minus 830 nm) were recorded in such a manner for each 
quinolone for each concentration in at least two biological replicates. The 
initial P700 absorbance values were set to equal zero. The PSII quantum yield 
was also calculated from each of these measurements, using the same method 
as in JTS fluorescence experiments (see below).  
JTS-10 experiments 
Photosynthetic parameters of P. tricornutum were measured with a Joliot-type 
spectrophotometer (JTS-10, Biologic, Grenoble, France) equipped with a white probing 
LED (Luxeon; Lumileds) and a set of interference filters (3–8 nm bandwidth) and cut-
off filters. The device combines absorbance and fluorescence spectroscopy 
measurements, allowing the activities of both photosystems to be studied in the exact 
same conditions, and on the same sample. The actinic light was provided by a crown 
of red LEDs (639 nm, intensities used in this study: 56, 135, 340 and 800 µmol photons 
m-2 s-1). For photosynthesis measurements, cultures of P. tricornutum in exponential 
growth phase were concentrated 10-fold by centrifugation (4500 rpm, 4 min) and 






10 × 106 cells mL-1. The centrifuged samples were then left ~30 minutes under low light 
to allow the cells to recover from centrifugation.  
Fluorescence spectroscopy 
In the fluorescence spectroscopy mode, the JTS-10 was equipped with a white probing 
LED (Luxeon; Lumileds) and a blue filter for detecting pulses. PSII parameters were 
calculated as in Genty et al, (Genty et al. 1989). In brief, maximum quantum yield of 
PSII and quantum yields in light-adapted samples were calculated as Fv/Fm = (Fm – 
F0)/Fm and Y(II)= (Fm’−F)/Fm’, respectively, where F0 is the fluorescence of the dark-
adapted sample, Fm the fluorescence when a saturating pulse is applied on dark-
adapted sample, F is the fluorescence of the sample adapted to the actinic light and 
Fm’ the fluorescence when a saturating pulse is applied on light-adapted sample. The 
relative electron transport rate through PSII (rETRPSII) was calculated as rETRPSII = 
Y(II) × I, where I is the actinic light irradiance. 
Absorption spectroscopy  
P700 measurements. The redox state of the PSI primary donor (P700) was calculated as 
the difference between the kinetic absorption changes at 705 nm and 735 nm, to 
eliminate spectrally flat contributions due to diffusion. Quantum yields of PSI were 
calculated from the measurements of the absorption changes at 700 nm – 735 nm, in 
the dark (P0), in the light-adapted condition (Pstat) and after a saturating pulse (Psp). 
Pmax, corresponding to 100 % oxidized P700, was measured as the light-minus-dark 
absorption difference in the presence of the PSII inhibitor DCMU (10 mM in ethanol, 
final concentration of 10 µM). Once normalized to Pmax, this allowed the percentage 
of oxidized P700 to be calculated in each light condition.  
The quantum yield of PSI (Y(I)), the donor side (YND) and acceptor side (YNA) 
limitations were calculated according to Klughammer & Schreiber (Klughammer and 
Schreiber 1994), as Y(I) = (Psp – Pstat) / (Pmax – P0), YND = (Pstat – P0) / (Pmax – P0) 
and YNA = (Pmax – Psp) / (Pmax – P0). The relative electron transport rate through 
PSI (rETRPSI) was calculated as rETRPSI = Y(I) × I, where I is the actinic light 
irradiance. 
ECS and c-type cytochromes. Based on previous P. tricornutum Electro-Chromic Shift 
(ECS) spectra (Bailleul et al. 2015), we measured the absorption changes at three 
wavelengths (520, 554, 566 nm). To separate ECS and c-type cytochromes 
(cytochrome f and cytochrome c6) contributions, and to eliminate flat contributions 




due to diffusion, we used the following calculations: Cytochrome c = [554] − 0.4× [520] 
− 0.4 × [566], ECSlin = [520] − 0.25 × Cytochrome c, and ECSquad = [554] + 0.15 × 
Cytochrome c. 
To follow the kinetics of those signals following a saturating laser flash, we used laser 
dye (LDS 698) pumped by a frequency doubled Nd-YAG laser (Quantel). Before the 
saturating laser flash was applied, cells were dark adapted for 1 min. The dark adapted 
electric field (ΔΨd) measurements were attained from the dark relaxation of the linear 
and quadratic ECS after a 10 ms pulse of saturating red light (4500 µmol photons m-2 
s-1). ECS data were normalized to the increase of the linear ECS generated after a 
saturating laser flash (that is, one charge separation per photosystem). We plotted the 
amplitude of the quadratic versus linear ECS signals during the relaxation of a light-
induced PMF and obtained the parabolic function which allowed the calculation of the 
dark electric field, ΔΨd. This experiment was then conducted with cells treated with 
CCCP (10 mM in ethanol, final concentration 15 µM) and HHQ (10 mM in DMSO, final 
concentration 50 µM) 
Fast fluorescence transients  
To obtain OJIP fluorescence transients, an axenic P. tricornutum culture was adjusted 
to 2 × 106 cells ml-1 and supplemented with 40 µM sodium bicarbonate. Quinolone 
stocks were added to 1 mL of diatom culture in 1.5 mL cuvettes to a final volume of 0.5 
% (v/v). After compound addition, the treated cultures were incubated for two 
minutes in very low light (resting in the cuvette holder). Finally, the OJIP fluorescence 
transients of the cultures were measured with an Aqua Pen (AP-C 100, Photon Systems 
Instruments, Drasov, Czech Republic) during a saturating multi turnover blue light 
flash. OJIP fluorescence transients were normalized according to Strasser et al. 
(Strasser et al. 2000): Vt = (F − F0)/(Fm − F0), where Vt is the fluorescence at time t, F0 
the initial fluorescence, and Fm the maximum fluorescence reached. 
Oxygen electrode measurements 
Oxygen measurements were performed using a Clark-type electrode (Hansatech 
Instruments Ltd.) at 20 °C, with stirring. DMSO and quinolone stocks were added such 
that the final DMSO concentration never exceeded 0.5 % (v/v). All experiments began 
with a two-minute period of complete darkness, followed by addition of HHQ. In the 
case of photosynthesis measurements, this was then followed by red-light illumination 
of 200 µmol photons m-2 s-1 for the remainder of the test. Measurements were 






rate (= oxygen consumption) of intact diatom cells was measured in the dark by 
calculating the rate of oxygen consumption over time (in 60 seconds), before and after 
adding HHQ (n = 8). Subsequently, the values were divided by the average value before 
HHQ addition to obtain a ratio where the average respiration rate of untreated cells = 
1. 
For oxygen measurements using intact diatom cells, exponentially growing P. 
tricornutum (Wt 8) cultures were concentrated via centrifugation (4500 g, 5 min) to a 
final concentration of 5 µg chlorophyll a mL-1 and supplemented with 16 mM NaHCO3. 
For oxygen measurements using thylakoids, thylakoids at a final chlorophyll a 
concentration of 5 µg mL-1 were dissolved in 1 mL of 50 mM tricine pH 7.8, 5 mM MgCl2, 
5 mM K2HPO4, 1 mM ATP. In addition, ADP (0.24 mM) and potassium ferricyanide (1.5 
mM) were applied. Thylakoid membranes were isolated from exponentially growing P. 
tricornutum Wt8 cultures, following the procedure outlined in Lepetit et al. (2007), 
with the following modifications: cells were broken at 13,000 psi, and thylakoid 
fragments were pelleted via centrifugation at 4 °C for only ten minutes at 30,000 g 
(Sorvall) in order to harvest only larger thylakoid fragments and in order to reduce the 
time thylakoids are exposed to the centrifugation forces.  
  





Quinolones inhibit diatom growth 
Intrigued by the reported bioactivity of quinolones on microalgae, we tracked growth 
of three diatoms treated with quinolones at a range of concentrations (0.125-100 µM). 
The quinolones used varied with regard to their N-oxidation, 2-C-alkyl chain length, 
and 3-C hydroxyl group (Figure 4.1). Five quinolones, HHQ, NHQ, PQS, HQNO, and 
NQNO were applied to cultures of A. minutissimum, C. closterium and P. tricornutum. 
Of the three quinolones tested with a heptyl side chain (HHQ, PQS and HQNO), all 
diatoms were most sensitive towards HHQ, with IC50 values between 1 and 5 µM for 
each respective species (Figure 4.2A, D, G). HHQ completely inhibited growth at 
concentrations as low as 3 µM in C. closterium (Figure 4.2A) and A. minutissimum 
(Figure 4.2D), and at 10 µM in P. tricornutum (Figure 4.2G). Compared to HHQ, the IC50 
values of PQS were found to be 3- to 16-fold higher (Figure 4.2B, E, H). A. minutissimum 
and P. tricornutum were less sensitive to the N-oxide HQNO compared to PQS (Figure 




Diatoms were more sensitive to both NHQ and NQNO (SI 1) compared to their 2-heptyl 
counterparts (HHQ and HQNO), indicating that a longer alkyl side chain length 
increased the toxic effect of these compounds. This observation substantiates a 
quantitative structure activity relationship study testing quinolones on spinach 
thylakoids, which found that quinolones reached their maximum photosynthetic 
inhibitory potential at an alkyl chain length of eleven carbon atoms (Reil et al. 2001). 
These experiments also showed that the presence of an N-oxide group decreases the 
toxicity of the quinolone: Just as HHQ was more potent compared to its N-oxide 
counterpart, so too was NHQ more potent than NQNO.  
Taken together, these observations could confirm that structural features of 
quinolones influence the respective growth response of diatoms, with N-oxide or 












PHQ: R = C5H11
HHQ: R = C7H15
NHQ: R = C9H19,
PQS: R = C7H15 HQNO: R = C7H15
NQNO: R = C9H19,
Figure 4.1 Structures of 
quinolones relevant to this 






quinolones. This trend was consistent among all diatoms tested, although sensitivity 
varied between species, with C. closterium being the most sensitive, followed by A. 
minutissimum and P. tricornutum. 
HHQ blocks electron flow between PSII and PSI 
The strong inhibitory growth effects caused by quinolones on all three diatom species, 
together with reports suggesting that quinolones are able to inhibit electron flow in 
mitochondria and chloroplasts in other organisms, prompted us to investigate the 
mode of action and the target of those molecules in the diatom P. tricornutum. To this 
end, we first investigated the effect of these molecules on PSII and PSI activities, by 
Figure 4.2 Growth curves of quinolone-treated diatoms. Growth curves of C. closterium (A, B, 
C), A. minutissimum (D, E, F) and P. tricornutum (G, H, I) exposed to a range of concentrations 
of HHQ (1st column), PQS (2nd column) and HQNO (3rd column) over six days with, Day 0 
depicting the day compounds were added to the culture. Tested concentrations varied between 
diatoms and com-pounds. Growth was followed by measuring chlorophyll fluorescence, defined 
as arbitrary “relative fluorescence units” (RFU). Each data point represents the mean of three 
replicates with error bars showing the standard deviation. IC50 values are shown on top of each 
graph.   




measuring fluorescence induction and absorbance changes of P700 simultaneously 
with a Dual PAM. The fluorescence comes mainly from PSII, and is related to the 
reduction state of QA, the primary electron acceptor of PSII, which takes up electrons 
originating from the water splitting reaction at the oxygen evolving complex. 
Meanwhile, changes in absorbance (875 nm minus 830 nm) provide information about 
the redox state of P700, the special pair of PSI (Klughammer and Schreiber 1994; 
Klughammer and Schreiber 2008). Using these parameters, the PSII and PSI kinetics 
were measured in dark-adapted and low light-adapted cells (30 s at 68 µmol photons 
m-2 s-1, see Methods). The quinolones HHQ, PQS and HQNO were applied at 50 µM 
while DMSO and 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) served as negative 
and positive controls, respectively. In dark adapted cells, the PSII maximal quantum 
yield was not affected by quinolone treatments (Figure 4.3, see also SI 2), but the 
kinetics of fluorescence rise was faster (see also fast fluorescence transients below). 
In the light, the PSII yield was significantly decreased by quinolones (SI 2), which 
indicates that the photosynthetic electron flow is hampered by the quinolones. The 
quinolone concentration used in Figure 4.3 was saturating as demonstrated by the 
dose response shown in SI 2.  
The kinetics of P700 absorbance changes consisted of three phases during the 
saturating pulse, both in dark and light adapted control cells: a fast oxidation in the 
first 30 ms, followed by a partial reduction between 30 and 200 ms, and a re-oxidation 
phase (> 200 ms). In the presence of quinolones, the transient reduction of P700 was 
still present in dark-adapted cells but was suppressed in light-adapted cells. This 
transient reduction has been previously assigned to the electron flow from PSII in P. 
tricornutum (Grouneva et al. 2009), in agreement with its suppression in the presence 
of DCMU in our data (Figure 4.3). In this regard, the absence of a transient P700 
reduction in light adapted cells treated with the three quinolones suggests that those 
molecules inhibit an electron transfer step between PSII and PSI.   
To confirm this, and to identify the molecular target in the electron transfer chain, we 
used a Joliot type spectrometer (JTS) and concentrated on the action of HHQ (50 µM) 
on P. tricornutum. We first measured the light dependency of the quantum yields of 
PSII and PSI (Y(II) and Y(I) respectively), in the presence and absence of HHQ (Figure 
4.4). Again, the maximal yields of the two photosystems were not significantly inhibited 
by HHQ in the dark (Figure 4.4A & B). Both Y(II) and Y(I) decreased with increasing light 






of both photosystems were significantly lower in the presence of HHQ compared to 
the control (Figure 4.4A & B). 
Figure 4.3 Fast fluorescence induction of PSII and absorbance changes of P700 in P. 
tricornutum. Simultaneously measured fast fluorescence kinetics of PSII (black) and the 
oxidation state of P700 (grey) shows quinolones interrupt electron flow between PSII and PSI. P. 
tricornutum treated with quinolones (50 M of HHQ, PQS and HQNO), DCMU (40 M 
DCMU) or control (DMSO) with a Dual PAM during a multi-turnover pulse (800 ms) with low 
light adapted cells (Dark) followed by a saturating pulse under actinic light (Light). Data from 
one representative sample of each treatment is shown. Dotted lines indicate the J-and I-step of 
the fast fluorescence curve at 2 and 30 ms. Graphs of the same treatments share the same Y-
axis range. 




This translates into a lower electron transfer rate through both PSII and PSI in the 
presence of HHQ, regardless of the irradiance (shown in SI 3). In the same conditions, 
we also measured the acceptor and donor side limitation of PSI (see Methods). The 
data clearly show that the decrease of Y(I) is paralleled by an increase of the donor 
side limitation (Y(ND)) in HHQ treated samples (Figure 4.4C). In addition, PSI is not 
acceptor side limited, because the proportion of non-photo-oxidizable P700 (Y(NA)) is 
almost null regardless of light irradiance (Figure 4.4D). These data rule out the 
possibility that HHQ inhibits the PSI acceptor site (e.g. the Ferredoxin NADP reductase 
or the Calvin-Benson-Bassham cycle), confirming that the site of inhibition of the 
photosynthetic electron transfer chain takes place between PSII and PSI. 
 
  
Figure 4.4 PSII and PSI activityof P. tricornutum in response to quinolone treatment. 
(A & B): Light dependency of the quantum yields of PSII (A, Y(II)) and PSI (B, Y(I)) of control P. 
tricornutum samples (DMSO, black squares) and samples treated with 50 M HHQ (red 
circles). (C & D): Light-dependency of PSI donor (C) and acceptor (D) side limitations in P. 
tricornutum control samples (black squares) and treated with HHQ (red circles). Error bars 






HHQ affects the activity of the cytochrome b6f 
In order to probe the exact target of HHQ in the photosynthetic apparatus of P. 
tricornutum, three complementary approaches were utilized: fast fluorescence 
transients, c-type cytochrome redox state and electrochromic shift (ECS) 
measurements. Fast fluorescence transients are finely time-resolved measurements 
of chlorophyll fluorescence during a saturating multi turnover pulse, providing 
specific information about processes in PSII but also beyond (Stirbet and Govindjee 
2011). Information is derived from stepwise transitions in fluorescence levels, referred 
to as the J- and I-phase at 2 and 30 ms, and the P-phase, which describes the time 
point when maximum fluorescence (Fm) is reached (Figure 4.5). Examination of such 
fluorescence dynamics showed that the P-phase occurred earlier in diatoms treated 
with HHQ compared to the DMSO control (Figure 4.5). The transition between the I 
and P phase, indicating electron donation from the plastoquinone pool to the PSI 
acceptors via the cytochrome b6f and PSI complexes, was also less prominent in HHQ 
treated samples. Alterations observed in the I-P phase of HHQ treatments resembled 
the ones in 2,5-dibromo-6-isopropyl-3-methyl-1,4-benzoquinone (DBMIB) treated 
cells (Figure 4.5 and (Lepetit and Dietzel 2015)), an inhibitor which binds to the 
cytochrome b6f complex. In contrast, DCMU treated cells typically reach Fm in the J-
phase, indicative of PSII inhibition (see the effect of DCMU on Dunaliella tertiolecta in 
SI 4). This supports the hypothesis that HHQ blocks the electron flow downhill of the 
plastoquinone pool (Stirbet and Govindjee 2011; Schansker et al. 2011; Lepetit and 
Dietzel 2015). We also observed some increase of fluorescence at the J-step (2 ms) in 
HHQ treated samples, indicating an additional block of QB in PSII.  
In parallel, we analyzed the ECS of photosynthetic pigments (Witt 1979). In P. 
tricornutum, like in other diatoms and stramenopiles  (Bailleul et al. 2015; Berne et al. 
2018), the ECS is the sum of a linear electric field strength (proportional to the electric 
field across the thylakoid) and a quadratic component (proportional to the square of 
the electric field strength). We also measured the redox state of c-type cytochromes, 
comprising the cytochrome f in the cytochrome b6f, and the cytochrome c6, which 
shuttles electrons between cytochrome b6f and PSI (see Methods). The kinetics of the 
linear ECS following a saturating laser flash can be used to evaluate the activity of each 
photosynthetic complex (PSI, PSII, cytochrome b6f, ATPase). Indeed, these kinetics 
possess three distinct phases: 1) a fast rise of the electric field representing charge 
separation due to PSI and PSII activity (<100 µs); 2) a second rise, corresponding to the 




turnover of cytochrome b6f (~10 ms) which pumps additional protons into the lumen 
(Diner and Joliot 1976). In the third phase, a relaxation of the electric field is observed, 
as ATPase translocates protons from the lumen to the stroma, thereby converting ADP 
into ATP (>10 ms). 
 
Charge separation observed in the first phase of ECS kinetics was decreased by 20 % 
in the presence of HHQ (Figure 4.6A). This phase is concomitant with the oxidation of 
c-type cytochromes by PSI (Figure 4.6B) which indicates that PSI photochemistry and 
electron transfer from cytochromes to P700 is unaffected. This also suggests that PSII 
activity is slightly affected in the dark by HHQ. The turnover of the cytochrome b6f is 
visible both as a phase of reduction of the c-type cytochromes (Figure 4.6B) and an 
extra pumping of protons, raising ECS (Figure 4.6A). However, in the presence of HHQ, 
only a small increase of the electric field in this time frame was observed, and the 
reduction of c-type cytochromes was 20-fold slower, identifying the cytochrome b6f 
as the target of HHQ.  
Figure 4.5 Fast fluorescence transients of P. tricornutum after quinolone treatment.  
P. tricornutum was treated with 5, 12.5 and 25 M HHQ (red), DMSO (gray) or 0.09 M 
DBMIB (orange). The J- and I-phase of the curve at 2 and 30 ms are indicated with a dotted 
line. The inset shows the late stages of each curve in detail (30 – 1000 ms). Diatoms treated 
with HHQ exhibited maximum fluorescence earlier than the DMSO control (50-350 ms), with 








Figure 4.6 Electrochromatic shift and redox state of c-type cytochromes of P. tricornutum 
during quinolone treatment. ECSlin (A), c-type cytochrome oxidation states (B), and ECSquad 
(C) calculated from absorption changes at 520, 554, 564 nm (see Methods), following a 
saturating laser pulse. Error bars represent standard deviation (n = 5). 
 
HHQ inhibits mitochondrial respiration and suppresses the thylakoid PMF in dark 
adapted cells 
The last phase of ECS measurements shows the decay of the electric field, and 
corresponds to the movement of protons from lumen to stroma, catalyzed by the 
ATPase. This decay was retarded by HHQ (Figure 4.6A). HHQ treatment also decreased 
the amplitude of the quadratic ECS contribution by ~90 % (Figure 4.6C). Those two 
observations hinted at a second effect of HHQ: the suppression of the pre-existing 
electric field in the dark (ΔΨd), as observed in Bailleul et al. 2015.  
To quantify the possible effect of HHQ on the electric field across the thylakoids in 
dark-adapted diatoms, we measured the kinetics of the relaxation of the linear and 
quadratic ECS generated after a saturating pulse of light in untreated P. tricornutum, 
as well as when treated with HHQ (50 µM), or with the membrane potential uncoupler 
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) (Bailleul et al. 2015). The 
amplitude of the quadratic versus linear ECS signals were plotted (Figure 4.7A-C), 
giving the same characteristic parabolic function for all treatments, with the vertex 
indicating the electric field strength in the dark, preceding the light perturbation 
(expressed in number of charge separations per photosystem, Figure 4.7D). The data 
indicated that a proton motive force (PMF) was maintained across the thylakoid 
membrane of untreated P. tricornutum cells in the dark, with a ΔΨd corresponding to 
5.0 ± 0.6 charge separations per photosystem, similar to previously measured values 
(Bailleul et al. 2015). However, the electric field in the dark was clearly suppressed in 
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the presence of HHQ (ΔΨd = 1.4 ± 0.3 charge separations / photosystem), almost as 
much as with the uncoupler CCCP (ΔΨd = 0.8 ± 0.2 charge separations / photosystem).  
 
Figure 4.7 Kinetics of linear and quadratic ECS changes and c-type cytochrome redox state. 
(A, B, C) Kinetics of linear and quadratic ECS changes and c-type cytochrome redox state 
obtained after deconvolution from the kinetics of I/I changes at 520, 554 and 566 nm, during 
a 10 ms pulse of saturating red light (4,500 mol photons m-2 s-1) and the subsequent dark 
relaxation (see Methods). (A) control, (B) with CCCP (15 M) and (C) HHQ (50 M). (D) 
Relationship between quadratic and linear ECS in control (black squares) and in cells treated 
with uncoupler (15 M CCCP, orange triangles), and with HHQ (50 M, green circles). Data in 
panel (D) are obtained from panels (A, B, C). The black boxes above A, B, and C indicate 
periods of darkness. 
 
In the presence of cellular ATP in the plastid in the dark (which comes from 
mitochondrial respiration activity), the plastidic ATPase is able to hydrolyze ATP to 
ADP, which generates a PMF across the thylakoid membrane (Joliot and Joliot 2008). 
It is well-known in plants, green algae and diatoms that the inhibition of respiratory 
activity (with uncouplers, mitochondrial inhibitors or under anaerobic conditions) 
leads to a decrease of the PMF across the thylakoid (Joliot and Joliot 2008; Stirbet and 
Govindjee 2011). Thus, HHQ could suppress the PMF by two means: through an 
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uncoupler effect, or through an inhibition of respiration. For that reason, we measured 
the effect of HHQ on the respiratory activity of P. tricornutum. 
Respiration rates of P. tricornutum were measured in the dark and derived before and 
after addition of HHQ using a Clark electrode. Respiration rates were more than halved 
after HHQ addition compared to before addition of the compound (Figure 4.8). 
Accordingly, the observed decrease in electric field strength in the dark was due to an 
inhibition of respiration, rather than via uncoupling of thylakoid charge separation. 
 
Figure 4.8 HHQ inhibits diatom 
respiration. Oxygen 
concentration of a P. tricornutum 
culture was tracked over time in 
a Clark electrode, in the dark, and 
the rate of oxygen consumption 
derived from oxygen 
concentrations one minute 
before and after addition of 50 
M HHQ. Data is normalized to 
the average untreated respiration 
rate. Connected points represent 
the same sample before and after 
HHQ addition. Asterisk indicates 
outcome of paired t-test (P < 
0.005, n = 8). 
 
  





A diverse array of interactions between diatoms and bacteria have been documented, 
however, the physiological mechanisms underlying these interactions are rarely 
characterized. This study demonstrated the growth inhibitory effects of five different 
2-alkyl-4-quinolones on three diatom species, and identified a mode of action for 
HHQ. Out of the three quinolones tested with a heptyl side chain (Figure 4.2), HHQ 
was the most potent, with IC50 values ranging between 1.2 and 4.9 µM, illustrating that 
in diatoms non-functionalized quinolones are more potent than their functionalized 
analogs. While previous studies have shown the toxic effects of HHQ on the 
coccolithophore Emiliania huxleyi (Harvey et al. 2016) and of PHQ on other diatoms 
(Long et al. 2003; Wigglesworth-Cooksey et al. 2007), this study complemented 
previous findings by testing a broader range of quinolones with structural variations. 
These experiments showed not only that diatom growth is inhibited by a wide range 
of quinolones, but also that some appear to be considerably more potent than PHQ. 
Interestingly, alkyl-quinolones were generally more active than their corresponding 
N-oxide derivatives by approximately an order of magnitude, while in bacteria-
bacteria interactions, the N-oxides were much more potent than the corresponding 
non-functionalized quinolones (Szamosvári and Böttcher 2017). 
The effects of the three heptyl quinolones HHQ, PQS and HQNO on photosynthesis 
were compared using Dual PAM fluorometry, and HHQ was characterized exhaustively 
using a wide variety of spectroscopic techniques. These experiments indicate that 
HHQ inhibits both cytochrome b6f (and to a lesser extent PSII) in plastids, and 
respiration in mitochondria (Summarized in Figure 4.9). Under actinic light, Y(II) values 
(SI 2) were decreased and the transient reduction of P700 was absent (Figure 4.3), 
providing evidence that electron transport in thylakoids is inhibited. These results 
were confirmed at all light irradiances and in steady state illumination (Figure 4.4), 
showing that the quantum yield and relative electron transport rates of both 
photosystems were impaired by HHQ. The observed inhibition of PSI activity was due 
to a higher oxidation of P700 and not acceptor-side limitations, which indicated that 
electron transfer was hampered in-between the two photosystems. In dark 
conditions, quantum yields were hardly affected. 
Subsequently, the binding site of HHQ was identified as the cytochrome b6f complex, 






that charge separation due to the activity of PSII was slightly decreased. These 
observations are supported by the fluorescence transients (shown in Figure 4.5), which 
show a slightly higher amplitude of the O-J phase, which indicates an inhibition of the 
electron transfer towards the plastoquinone pool. These data give conclusive evidence 
that HHQ hinders photosynthesis primarily via the inhibition of cytochrome b6f, and 
to a lesser degree PSII (most likely at the QB site). Such a result is reinforced by the 
structural similarities between HHQ and plastoquinone/plastoquinol (the mobile 
electron carrier between PSII and cytochrome b6f, see Figure 4.10), along with other 
structurally related molecules with similar inhibitory effects, such as stigmatellin and 
aurachines (Oettmeier et al. 1990). 
HHQ also inhibited mitochondrial respiration, as demonstrated by oxygen 
consumption experiments (Figure 8). The inhibition of respiration leads to a 
supplementary phenotype. That is, the ATP produced by mitochondrial respiration in 
the dark can be hydrolyzed by the chloroplastic ATPase, working “in reverse”, pumping 
protons in the lumen. Because of that, diatoms, like other photosynthetic organisms 
(Bailleul et al. 2015; Joliot and Joliot 2008) generate a PMF across the thylakoid in the 
dark. Here, the inhibition of mitochondrial respiration by HHQ, and in turn the dark 
PMF (Figure 4.7), can be visualized by the slower ATPase activity and the lower 
quadratic ECS following a saturating laser flash (Figure 4.6C). Complete inhibition of 
respiration was not achieved, nor was a specific site of inhibition identified. It is 
nevertheless plausible that HHQ inhibits respiration via hindering electron transport. 
It could be hypothesized that HHQ binds at complex I or III, between which 
ubiquinone shuttles electrons, similar to the PSII – plastoquinone – cytochrome b6f 
system in plastids. Indeed, quinolones have been identified as inhibitors of these 
complexes in other organisms (Reil et al. 1997; Wu and Seyedsayamdost 2017). While 
previous studies have shown the effect of 2-alkyl-4-quinolones on respiration in 
prokaryotes and non-photosynthetic eukaryotes, this study is to our knowledge the 
first evidence of their inhibition in photosynthetic eukaryotes.  
Previous work, mostly using vascular plants, has demonstrated the inhibition of 
photosynthesis by NQNO, which is known to bind to cytochrome b6f (Selak and 
Whitmarsh 1982; Yamashita et al. 2007; Rich et al. 1991). In comparison, much less is 
known regarding other quinolones. This work shows that HHQ is a more potent 
inhibitor of diatom photosynthesis than NQNO, and may be a more favorable molecule 
for future diatom photo-physiology studies. For example, a screening of quinolones by 




Reil et al. (2001) using spinach thylakoids showed that non-functionalized alkyl 
quinolones (like HHQ and NHQ) had only weak effects on PSII and cytochrome b6f 
activity. In contrast, this study demonstrates HHQ has a strong inhibition of oxygen 
evolution (SI 5 and SI 6), due to the inhibition of cytochrome b6f and QA - QB electron 
transfer, suggesting that physiological differences between diatoms and other 
photosynthetic organisms define the activity of HHQ. Such a hypothesis is supported 
by fluorescence transients from two other microalgae treated with HHQ, shown in SI 
4: In the coccolithophore E. huxleyi HHQ inhibited both cytochrome b6f and PSII, while 
a principally PSII related effect occurred in the green alga D. tertiolecta, where HHQ 
modified the fluorescence transient only at the J-step. The effect in D. tertiolecta was 
nearly identical to the effect induced by non-saturating treatments of DCMU. Taken 
together, these results illustrate how different photosynthetic organisms respond to 
HHQ in diverse manners.  
This study adds to the diverse repertoire of 2-alkyl-4-quinolone bioactivity, displaying 
their strong growth inhibitory effect on diatoms. This builds on the increasing 
evidence that quinolones from bacteria have major roles beyond quorum sensing, as 
important mediators of interspecies and even interkingdom interactions. This is 
reminiscent of the N-acyl homoserine lactones (AHLs), which have also been shown 
to mediate interkingdom interactions in marine environments. For example, AHLs 
mediate the settling of zoospores in the green macroalga Ulva (Joint et al. 2007), while 
tetramic acids, spontaneously generated from certain AHLs, have also been shown to 
impair photosynthesis in diatoms (Stock et al. 2019). All tested quinolones inhibited 
photosynthesis, while detailed physiological experiments identified cytochrome b6f as 
the chief binding site of HHQ, along with the less severe inhibition of PSII. This is also 
the first demonstration of the effects of 2-alkyl-4-quinolones on photosynthesis in 
intact cells. Furthermore, respiration was inhibited by HHQ. The isolation of HHQ 
producing bacteria from marine sources in prior studies highlights how HHQ can 
modulate respiratory and photosynthetic activity, and subsequently the proliferation 
of diatoms. Thus, 2-alkyl-4-quinolones have the potential to be significant instigators 







Figure 4.9 Schmatic overview of the mode of action of HHQ in P. tricornutum. Depicted are 
the electron transport chain in chloroplasts and ATPase activity in mitochondria, and their 
respective functions in dark (A, C) and light (B, D) adapted cells. The proposed blockage sites 
of HHQ are indicated in red (in panels C & D). PSII = photosystem II; PSI = photosystem I; 
Orange circles = plastoquinone; purple circles = cytochrome c; Cyt b6f = Cytochrome b6f 
complex. Green arrows indicate electron transport and dotted arrows highlight transport of 
either protons or ATP. The repression of ATP/ADP transformations is indicated with 
transparent arrows. Made in ©BioRender – biorender.com. 
 
 
Figure 4.10 Structural similarities of HHQ, plastoquinone and ubiquinone, the respective 
mobile electron carriers in chloroplasts and mitochondria. 
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 Supporting Information 
SI 1. Growth of C. closterium, A. minutissimum and P. tricornutum exposed to a range 
of concentrations of NHQ (left column) and NQNO (right column). The corresponding 
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SI 2. PSII quantum efficiency, Y(II), of P. tricornutum treated with 40 µM DCMU and 
concentrations of HHQ, PQS and HQNO measured under dark (blue) and actinic light 
(red) conditions with a Dual PAM. Y(II) was hardly affected by quinolone treatments 
under dark conditions while quantum efficiency dropped under actinic light 
conditions, most severely when HHQ was applied. Each data point is shown with a dot, 
while the connecting line connects the average of each treatment. Zero µM values are 
the DMSO control values.
 
SI 3. Relative electron transfer rate through PSII (A, rETRPSII) and PSI (B, rETRPSI) in P. 
tricornutum control samples (black squares) and samples treated with 50 µM HHQ 










SI 4. Fast fluorescence transients of the coccolithophore Emiliania huxleyi and the 
green alga Dunaliella tertiolecta, treated with HHQ (red) or DMSO control (grey). 
Fluorescence transients of D. tertiolecta were also conducted upon treatment with two 
DCMU concentrations (blue) showing that 0.25 µM DCMU shifts the curve in such a 
way that Fm is already reached at the J-step of the curve at 2 ms. 
 
SI 5. Oxygen evolution measurements on P. tricornutum cell cultures. Cultures were 
concentrated to 5 mg chl a mL-1 and treated with either DMSO (black) or 100 µM HHQ 
(red). Circles show photosynthetic rate (µmol O2 mg chlorophyll a-1 min-1) for each 
minute post illumination (200 µmol photons m-2 s-1) for each replicate, horizontal bars 
show the mean of the three replicates. Values corresponding to t=0 illustrate the 
respiration rate (measured as oxygen consumption). 





SI 6. Oxygen evolution 
measurements of thylakoid 
membrane extracted from P. 
tricornutum. Thylakoid extracts 
were photosynthetically active 
during illumination (150 seconds 
and onwards), however, when 
treated with 100 µM HHQ (t = 
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In aquatic habitats, diatoms are often found in association with proteobacteria which 
engage in cell-cell communication via N-acyl homoserine lactones (AHLs), a process 
often referred to as quorum sensing (QS). Recently, it has been suggested that sensing 
AHLs could provide diatoms with a tool to distinguish between beneficial and algicidal 
bacteria in its surroundings. While some microalgae can interfere with QS, e.g. by 
releasing AHL mimics or degrading them, molecular changes induced by AHLs in 
microalgae are still unclear. To this end, we treated the diatom Seminavis robusta with 
N-tetradecanoyl homoserine lactone (C14), N-3-oxotetradecanoyl homoserine 
lactone (OXO14) and its tetramic acid rearrangement product (TA14) and studied gene 
expression after three days. All AHLs induced changes in growth, i.e. C14 stimulated 
growth, whereas treatment with OXO14 and TA14 induced growth inhibition. 
Furthermore, S. robusta reacted to AHL treatment with differential expression of 3,410 
genes constituting 12% of all sequenced genes in this study. All compounds induced 
upregulation of genes involved in intracellular signaling, especially C14. In addition, 
OXO14 and TA14 triggered a switch in lipid metabolism towards increased fatty acid 
degradation and OXO14 led to downregulation of cell cycle genes. In summary, 
expression profiles after OXO14 and TA14 treatment shared several similarities, while 
C14 induced distinct responses. These results indicate that S. robusta can distinguish 








Diatoms have co-occurred with marine bacteria for millions of years and several 
interactions between these two groups of microorganisms have been described to 
date (Amin et al. 2012; Meyer et al. 2017; Seymour et al. 2017). In benthic biofilms, 
diatoms and bacteria are especially densely packed in a polymeric matrix, a lifestyle 
facilitating chemical interactions between them. The majority of diatoms’ satellite 
bacteria, isolated from field and laboratory cultures, belong to the phyla 
proteobacteria and bacteroidetes (Amin et al. 2012; Buchan et al. 2014; Green et al. 
2015; Grossart et al. 2005; Schafer et al. 2002). Many members of the proteobacteria 
engage in a cell-cell signaling process called quorum sensing (QS) allowing them to 
coordinate their behavior on a population level (Waters and Bassler 2005). The best 
studied class of bacterial QS molecules are N-acyl homoserine lactones (AHLs) which 
consist of a lactone ring coupled to an acyl chain, which can vary in length from 4 up 
to 18 carbon atoms (Hmelo 2017; Waters and Bassler 2005). In addition, AHLs can have 
a substitution at the C3 position in form of a hydroxyl- or keto-group (Waters and 
Bassler 2005). It has been suggested that sensing AHLs could provide diatoms with an 
advantage and perhaps enable them to distinguish between beneficial and algicidal 
bacteria in their close surroundings (Amin et al. 2012). However, to date there are only 
few physiological studies that examined the responses of microalgae to AHLs (Stock 
et al. 2019; Syrpas et al. 2014; Teplitski et al. 2004), and research on global 
transcriptional changes in response to AHLs are lacking.  
AHL mediated interkingdom signaling in the marine environment was first discovered 
in zoospores of the seaweed Ulva. Studies demonstrated that the spores respond to 
AHL-producing bacteria by chemokinesis, i.e. by reducing their swimming speed 
(Wheeler et al. 2006) and later it was discovered that calcium signaling was likely 
involved in Ulva’s response to AHLs (Joint et al. 2007). Meanwhile, certain eukaryotes 
have been found to interfere with QS. For example, the green microalga 
Chlamydomonas rheinhardtii produces more than a dozen AHL mimics which can 
interfere with bacterial QS circuits (Teplitski et al. 2004). Similarly, an AHL inactivation 
mechanism has been identified in the diatom Nitzschia cf pellucida which uses a 
haloperoxidase to halogenate 3-oxo-AHLs which leads to cleavage of the halogenated 
N-acyl chain thereby inactivating the molecule for signaling (Syrpas et al. 2014).     




While these studies illustrate multiple ways algae can respond to AHLs, knowledge on 
eukaryotic responses to AHLs on gene- and protein level comes from the realm of 
plant science (Mathesius et al. 2003; Schenk et al. 2014). For instance, the model 
legume Medicago truncatula was treated with N-3-oxododecanyol homoserine 
lactone (OXO12) and N-3-oxohexadecenoyl homoserine lactone (OXO16:1), two AHLs 
produced by a symbiont and a pathogen, to study their effect on the plant proteome 
(Mathesius et al. 2003). Proteins were extracted after 24 and 48 hours of treatment 
and it was found that both AHLs induced significant changes in the levels of 154 
proteins, 99 of which could be identified. Comparison of protein profiles revealed that 
OXO12 and OXO16:1 induced similar responses in two thirds of the identified proteins. 
Meanwhile, distinct responses were observed in the remaining proteins regarding 
direction of protein accumulation, magnitude and time of response. Levels of most 
proteins were reduced after 24 hours while levels of the same proteins increased after 
48 hours. In addition, applied AHL concentrations influenced the magnitude of 
changes in the proteome, e.g. 50 µM OXO12 increased levels of 60 out of 154 proteins, 
53 of which were significantly reduced after exposure to lower concentrations 
(Mathesius et al. 2003).       
Another study investigated transcriptional changes in Arabidopsis thaliana in response 
to N-hexanoyl homoserine lactone (C6), N-3-oxodecanoyl homoserine lactone 
(OXO10) and N-3-oxotetradecanoyl homoserine lactone (OXO14) (Schenk et al. 2014). 
Previously, it was shown that C6 promotes plant growth (Ortiz-Castro et al. 2008; von 
Rad et al. 2008), OXO10 influences root morphology (Ortiz-Castro et al. 2008) and that 
OXO14 treatment triggers systemic induced resistance (OXO14) (Schikora et al. 2011). 
Seedlings were treated with 6 µM C6, OXO10 and OXO14 for three days after which 
954 genes were found to be differentially expressed, most of which were regulated in 
only one AHL treatment. However, 18-25% of these genes were related to biotic stress 
indicating that AHL treatment might induce regulation of different genes that encode 
for similar functions. In addition, treatment with C6 and OXO10 induced upregulation 
of transcription factors which could explain the effect of these AHLs on growth. In 
contrast, OXO14 treatment primed plants for cell wall reinforcement.  
Similar to the AHL-induced physiological responses reported in plants, we observed 
changes in growth when the benthic diatom Seminavis robusta was treated with 
different AHLs during a preliminary experiment. For instance, treatment with N-






hydroxy- and N-3-oxo-homologs (OH14 and OXO14) induced growth inhibition (Figure 
5.1). To investigate the underlying transcriptional response of S. robusta, a 
transcriptomic experiment was designed during which S. robusta was treated with C14 
and OXO14 and an AHL-derived tetramic acid (TA14). Tetramic acids are spontaneous 
rearrangement products of 3-oxo-AHLs, like OXO14, (Kaufmann et al. 2005), which 
have been shown to inhibit photosynthetic electron flow in the diatom Phaeodactylum 
tricornutum (Stock et al. 2019).  
Our results show that treatment of all three compounds predominantly induced 
upregulation of genes related to signaling and oxidative stress. Moreover, OXO14 and 
TA14 caused similar expression profiles in metabolic processes such as fatty acid 
metabolism and photosynthesis, which were unaffected by C14. Together with the 
result that cell cycle genes were exclusively regulated in the OXO14 treatment our 
findings suggest that S. robusta cannot only sense AHLs and TAs in its surroundings 
but also distinguish between signaling compounds with high structural similarity.     
 
Figure 5.1 Growth response of Seminavis robusta to three AHL homologs. S. robusta was 
treated with 20, 50 and 100 M N-tetradecanoyl homoserine lactone (C14), N-3-hydroxy-
tetradecanoyl homoserine lactone (OH14) and N-3-oxo-tetradecanoyl homoserine lactone 
(OXO14). Growth was measured by recording minimum fluorescence (F0) with a PAM-
fluorometer for six days (n = 3). Notably, C14 treatment stimulated growth in all tested 
concentrations while treatment with OH14 and OXO14 induced growth inhibition (n = 3). 
 
  




 Materials and Methods 
Organism and culture conditions 
Seminavis robusta 85A (accession number DCG 0105 ) was obtained from the Belgian 
Coordinated Collections of Microorganisms (BCCM, http://bccm.belspo.be). Diatoms 
were cultured in artificial seawater (34.5 g L-1 Tropic Marin®, 0.08 g L-1 HCO3-) 
supplemented with Guillard’s F2 (Sigma-Aldrich) in a 12h:12h dark/light regime at 18 
°C. The light intensity was approximately 25 µM photons m-2 s-1. Prior to the 
experiment, cultures were made axenic by treating them with an antibiotic mix (500 
µg mL-1 penicillin, 500 µg mL-1 ampicillin, 100 µg mL-1 streptomycin and 50 µg mL-1 
gentamicin) for a week and replacing the antibiotic supplemented medium every 
second day. During the experiment itself S. robusta was cultured in artificial seawater 
containing Guillard’s F2 without antibiotics. Diatoms were cultured in standard cell 
culture flasks with a surface area of 175 cm2 (Greiner Cellstar, Sigma-Aldrich) filled with 
150 mL medium. 
Compound preparation 
N-tetradecanoyl-L-homoserine lactone (C14), N-3-oxotetradecanoyl-L-homoserine 
lactone (OXO14) and 3-(1-hydroxydodecylidene)-5-(2-hydroxyethyl)pyrrolidine-2,4-
dione (TA14) were synthesized according to literature procedures. Briefly, C14 and 
OXO14 were synthesized according to the method described in Hodgkinson et al. (2011) 
and synthesis of TA14 was followed as reported in Kaufmann et al. (2005). Working 
solutions were prepared for each compound in DMSO (8 mM for C14 and OXO14; 1 mM 
for TA14) such that the final volume of DMSO added to the culture was always 0.5% 
(v/v). The final compound concentration in each treatment was 40 µM for C14 and 
OXO14 and 5 µM in the TA14 treatment. 
Experimental Set Up 
At the start of the experiment cells in all culture flasks were adjusted to the same 
minimum fluorescence (F0), a proxy for biomass, measured by a PAM-fluorometer 
(MAXI Imaging PAM M-series, Walz Mess-und Regeltechnik, Germany). At the same 
time, a 48-well plate (Greiner Cellstar, Sigma-Aldrich) was inoculated with the same 
cell concentration with a volume of 857 µl per well to mimic the volume:surface ratio 
in the culture flasks as closely as possible. Compounds were added at the same time 
to culture flasks and the 48-well plate at the same final concentrations. Cell growth in 






day of the experiment. Cell growth in the 48-well plates was measured by taking high 
resolution pictures of a defined area (3 × 3 pictures, total area: 2200 × 1590 µm) in the 
center of each well with a Cytation 5 Cell Imaging multimode reader (Biotek). The cells 
in the photographed area were counted in bright field mode using Gen5 Software 
(Biotek). Subsequently, the cell density per cm2 was calculated by dividing 1 cm2 (108 
µm2) by the photographed area (3.5 × 106 µm2). The resulting multiplication factor was 
used to transform the raw counts into cells × cm-2.   
Cell harvesting 
After 72 hours of treatment, cells were harvested by scraping them from the culture 
flasks using a cell scraper and homogenized by shaking. Subsequently, cells were 
collected on Versapor filters (3-μm pore size, 25-mm diameter, PALL). In total, five 
replicates were sampled for each treatment. After harvesting, the filters with the cells 
were transferred into eppendorf tubes and immediately placed in liquid nitrogen. Prior 
to RNA extraction filters were stored at -80°C.  
RNA extraction 
RNA was extracted using the RNeasy Mini kit (QIAGEN) following the manufacturer’s 
instructions with some modifications. Briefly, 1 mL RTL buffer was added to the tube 
and cells were scratched from the filter. The filter was removed and silicon carbide 
beads (1 mm, biospec) were added. Cells were lysed by beating them for 3 x 1 min on a 
beating mill (Retsch) at a frequency of 20 Hz. The lysate was then transferred to a 
QIAshredder spin column and centrifuged for 2 min at full speed in two steps. For the 
rest of the protocol the manufacturer’s instructions were followed including the 
recommended DNA digestion. 
Genome annotation of Seminavis robusta 
To generate the annotated genome assembly, Illumina paired-end reads and PacBio 
long reads were combined in a hybrid assembly approach and gene models were 
annotated using expression data as training for the BRAKER1 pipeline (Hoff et al. 2016). 
Next, functional annotations for the S. robusta gene models were determined using 
three different approaches: (i) InterProScan v5.3 (Jones et al. 2014) was used to scan S. 
robusta sequences for matches against the InterPro protein signature databases; (ii) 
AnnoMine  (Vandepoele et al. 2013) was employed to retrieve consensus gene 
functional annotation from protein similarity searches (using DIAMOND v0.9.9.110 
(Buchfink et al. 2014)), maximum e-value 10e-05) against the Swiss-Prot database 




(Bairoch and Apweiler 2000); (iii) eggNOG-mapper (Huerta-Cepas et al. 2017) was 
executed in DIAMOND mapping mode, based on eggNOG 4.5 orthology data (Huerta-
Cepas et al. 2016). 
RNA sequencing and transcriptomic analysis 
A total of 12 sequencing libraries were prepared using an Illumina® TruSeq Stranded 
mRNA kit. The libraries were sequenced (2 x 75 bp) in one Illumina® NextSeq 500 H150 
run. Library preparation and sequencing was performed by VIB Nucleomics Core (VIB, 
Leuven). Transcriptome analysis was performed based on the method described in 
Cirri & De Decker et al. (2019). Briefly, paired-end reads were quality-trimmed by 
performing a sliding window trimming (settings 4:20) with Trimmomatic (Bolger et al. 
2014). Subsequently, quality of the remaining reads was checked with FastQC 
(Andrews 2010). Mapping of the reads to annotated gene models of S. robusta (version 
v1.2, publication in preparation) was performed with the software tool Salmon (version 
0.9.1) (Patro et al. 2017).  
The files containing the transcript quantifications generated by Salmon were imported 
and aggregated to gene level using the tximport package (Soneson et al. 2016) for R 
(version 3.5.1). Differential expression analysis was performed using the R package 
EdgeR (version 3.22.3) (Robinson et al. 2010). Independent filtering was performed by 
removing genes with low overall counts (counts-per-million (CPM) < 1 in at least two 
samples) prior to the analysis (Bourgon et al. 2010). Differences in sequencing depth 
and RNA population were corrected using a weighted trimmed mean of the log 
expression ratios (TMM) normalization (Robinson and Oshlack 2010). Data exploration 
was performed with a multi-dimensional scaling (MDS) plot visualizing expression 
differences between samples for the top 500 genes. Negative binomial generalized 
linear models (GLMs), as implemented in the edgeR software, were used to model read 
counts for each gene as a function of treatment. For differential expression analysis, 
three comparisons were defined (DMSO control versus C14 = CvC14; DMSO control 
versus OXO14 = CvOXO14 and DMSO control versus TA14 = CvTA14). Differential 
expression (DE) for each comparison was tested using likelihood ratio tests (LRT). A 
gene was considered differentially expressed if the FDR-adjusted p-value was less 
than 0.05 and the absolute log2 fold-change (LFC) was > 1 which was tested with the 







Figure 5.2 Volcano plots of RNAseq data. Log2 fold changes versus the log10 FDR adjusted p-
values for all three treatments. Significantly up-or downregulated genes are highlighted in blue.   
 
  





Growth response of Seminavis robusta to C14, OXO14 and TA14 treatment 
To measure if treatment with C14, OXO14 and its tetramic acid (TA) rearrangement 
product, TA14, induced growth effects in S. robusta, we took daily cell counts parallel 
to the transcriptome experiment in a 48-well plate (Figure 5.3). Cell density, final 
compound concentrations, volume:surface ratio, inoculation time and culture 
conditions were the same as for cell cultures in the flasks used for RNA extraction. The 
applied concentrations were 40 µM of C14 and OXO14 and 5 µM TA14. A lower TA14 
concentration was chosen because TA14 has strong algicidal properties and 40 µM 
would have induced cell death in S. robusta (Stock et al. 2019). Thus, a TA14 
concentration of 5 µM was selected which was sufficient to induce a growth response 
without inducing cell death.  
RNA was extracted after three days of treatment because this was the earliest time 
point when cell counts in the treatments were statistically different from the DMSO 
control.  Cell counts in the C14 treatment were higher compared to the control, 
whereas cell counts in the OXO14 and the TA14 treatment were significantly reduced 
(Figure 5.3B).  The observation that growth of S. robusta was inhibited by OXO14 and 
TA14 fits to previous observations in P. tricornutum treated with N-3-oxododecanoyl 
homoserine lactone (OXO12) and its TA-rearrangement product TA12. While OXO12 
led to mild growth inhibition in P. tricornutum at high concentrations, treatment with 
TA12 induced significant growth inhibition starting from 20 µM, an effect which caused 
by a blockage of photosynthetic electron flow (Stock et al. 2019). Furthermore, it was 
measured that 20 µM TA12 had formed from 100 µM OXO12 within 24 hours. Assumed 
that the reaction kinetics of OXO14 are similar to OXO12, it is thus likely that TA14 had 








Figure 5.3 Compound structures and growth  response of S. robusta. (A) C14 = N-3-
tetradecanoyl-L-homoserine lactone, OXO14 = N-3-oxo-tetradecanoyl-L-homoserine lactone, 
TA14 = 3-(1-hydroxydodecylidene)-5-(2-hydroxyethyl) pyrrolidine-2,4-dione. (B) Cell counts 
of S. robusta during treatment with C14, OXO14 and TA14 and a DMSO control over three days. 
Counts were taken in 48-well plates, lines connect means of five individually plotted replicates. 
On the third day, cell counts were significantly increased (C14) or decreased (OXO14 and 
TA14) compared to the DMSO control, indicated with “*” (tested with one-way ANOVA where 
all treatments were compared to the DMSO control). 
 
RNAseq data validation 
On average 33.8 million reads were obtained per sample. Read mapping to the S. 
robusta transcriptome was performed using Salmon 0.9.1. Mapping rates were high for 
all samples, ranging from 85.8% to 90.2%. Transcript quantification for 27,359 genes 
was retained after removing genes with little expression, with a median of 268 reads 
mapped per gene (SI 1). 
Transcriptional changes of Seminavis robusta in response to C14, OXO14 and TA14  
Based on expression differences of the top 500 genes, an MDS plot was created 
indicating how similar the expression patterns between treatments were. The plot 
showed that replicates of each treatment clustered together implying that variation 
between replicates was smaller than variation between treatments (Figure 5.4A). 
Furthermore, the MDS plot showed that gene expression in the OXO14 and the TA14 
treatment was more similar to each other than to any other treatment. This finding 
was not surprising given that TA14 is a rearrangement product of OXO14 and both 
compounds caused growth inhibition. The DMSO control cluster was separated from 
all three treatments suggesting a difference in expression between the control and all 




three treatments. Out of 27,539 genes, 3,410 (approx. 12%) were differentially 
expressed in at least one treatment on a nominal 5% FDR level. Of these genes, 1,428 
(approx. 42%) are annotated with a molecular function by either InterPro or EggNog.  
After this initial inspection, we performed a differential expression (DE) analysis by 
comparing each treatment to the DMSO control. In total we found upregulation in 
2,174 (64%) out of all 3,410 differentially expressed genes on a nominal 5% FDR level. 
Notably, the OXO14 and the TA14 treatment showed an even distribution of up-and 
downregulated genes while there were more up- than downregulated genes in the C14 
Figure 5.4 Figure 5.5 MDS- and UpSet-plots of transcriptome data. (A) Distance between 
samples in the Multi-dimensional scaling plot was calculated based on log2-fold changes. In 
total three replicates were sequenced for the DMSO control (4,5,6 = gray), the C14 treatment 
(1, 2, 3 = blue) and the OXO14 treatment (7,8,9 = orange) while two replicates were sequenced 
for the TA14 treatment (10, 11 = green). (B) UpSet-plots of significantly up- and down-
regulated genes in C14- OXO14- and TA14 treatment (log2>1, FDR<0.05). Top-panel in each 
plot indicates the number of genes per intersection as depicted in the panel below. Left panel 






treatment (Figure 5.2).  Most upregulated genes were shared between all three 
treatments (463 genes, 13.5%) whereas only 7 downregulated genes (0.2%) were shared 
(Figure 5.4B, for representation in Venn-diagrams see SI 2). Furthermore, the similarity 
of the expression pattern between the OXO14 treatment and the TA14 treatment, that 
was already suggested by the MDS analysis, is also indicated by the number of shared 
differentially expressed genes. Overall, OXO14 and TA14 shared 388 upregulated genes 
(11.3%) and 174 downregulated genes (5.1%) while OXO14 and C14 shared 136 
upregulated genes (4%) and TA14 and C14 shared 116 upregulated genes (3.4%). No 
overlap in differentially expressed genes between C14 versus OXO14 and TA14 was 
detected among the downregulated genes, which is probably due to the low total 
number of downregulated genes in the C14 treatment (158 genes). 
C14, OXO14 and TA14 induce signaling pathways in Seminavis robusta   
Exposure to C14, OXO14 and TA14 induced upregulation in a high number of genes that 
are part of the intracellular signaling network. In total we identified 284 genes 
encoding for genes with Leucine rich repeat (LRR) domains (129 genes), genes with 
cyclase activity (96 genes), genes with protein kinase domains (44 genes) and G-
protein coupled receptors (15 genes) (ST 1-4). In this set of 284 genes the number of 
upregulated genes was higher than the number of downregulated genes in all three 
treatments, especially with C14 (Up: 156, Down: 8) followed by TA14 (Up: 99, Down: 34) 
and OXO14 (Up: 86, Down; 36).  
LRR domain-containing proteins are involved in signaling in plants (Durham et al. 
2017). In our dataset, 129 DE genes contained the InterPro domain “Leucine-rich 
repeat (LRR) domain superfamily”, 44 of which were described as receptor-like kinases 
(ST 1). When treated with C14, genes containing LRR domains were predominantly 
upregulated (55 genes, 45%) while downregulation was only detected in very few genes 
(6 genes, 4.7%). The other two treatments induced gene regulation more evenly in both 
directions with 24 (18.6%) and 28 (21.7%) upregulated genes in the OXO14 and the TA14 
treatment and downregulation in 27 (21%) and 28 genes (21.7%). In addition, we 
identified differential expression in 15 genes encoding for G-protein coupled 
receptors (GPCRs) (ST 2), all of which contained the InterPro domain "GPCR family 3, 
GABA-B receptor” indicating that these proteins share similarities with gamma-
aminobutyric acid (GABA)-receptors. GABA receptors are well described in mammals 
where they primarily bind the neurotransmitters glutamate and GABA, however, the 
GPCR superfamily can bind a variety of ligands e.g. lipids, proteins and calcium (Port 




et al. 2013). Ligand binding induces a conformational change in the receptor, which 
activates the intracellular G-protein that is coupled to the receptor and initiates 
intracellular signaling processes. Out of the 15 differentially expressed G-protein 
coupled receptor genes, 10 (66%) were upregulated in the presence of C14, compared 
to 7 genes (46.6%) in the TA14- and 3 genes (20%) in the OXO14 treatment. Only one 
gene was downregulated in the OXO14 treatment. 
Furthermore, we detected upregulation of many genes encoding guanylate cyclases in 
all three treatments. Overall, there were 96 DE genes with cyclase activity, 45 of which 
were annotated as receptor-type guanylate cyclases (ST 3). Guanylate cyclases 
synthesize cyclic guanosine monophosphate (cGMP) from guanosine triphosphate 
(GTP), an important secondary messenger which predominantly activates protein 
kinases and is thereby involved in several signaling pathways. Almost all DE genes with 
cyclase activity were upregulated, especially in the C14 treatment (60 genes, 62.5%). 
In both, the OXO14 and the TA14 treatment, 45 upregulated genes (46.8%) were found 
together with 2 (2%) and 5 (5.2%) downregulated genes.  
Related to secondary messenger signaling, we also detected regulation in 42 genes 
containing protein kinase domains (ST 4). Based on Egnogg annotation, these genes 
included 13 protein kinase kinase kinases (PKKKs) and 12 calcium dependent kinases. 
The whole set of 42 genes showed a trend for upregulation which was again most 
pronounced in the C14 treatment with 31 upregulated genes (70.4%) and only two 
downregulated genes (4.5%). In the OXO14 treatment upregulation was identified in 14 
genes (32%) and downregulation in 5 genes (11.3%), compared to 19 upregulated (43%) 
and 1 downregulated gene (2.2%) in the presence of TA14.  
OXO14 treatment inhibits expression of regulatory cell cycle genes 
The eukaryotic cell cycle is divided into the S-phase, during which DNA is replicated, 
and the M-phase where both DNA copies are physically divided. Both phases are 
separated by Gap-phases, G1 and G2, both of which mark important checkpoints the 
cell must pass to proceed in its cell cycle (Huysman et al. 2013). Exclusive to the OXO14 
treatment a downregulation of seven regulatory cell cycle genes was observed (Table 
1, ST 5). For instance, a cell cycle specific transcription factor DP1 (Sro1737_g294460) 
was affected which is involved in the G1-S transition of the mitotic cell cycle. In 
addition, we found downregulation of MAD2 (Sro3109_g343920) and BUB1 
(Sro690_g187690), two genes required for the G2-M mitotic checkpoint as well as 






(APC/C) (Poddar et al. 2005). The APC/C is a protein complex which ubiquitinates 
mitotic inhibitors, hence its activation allows the cell to enter anaphase (Poddar et al. 
2005). We also found downregulation in a G2-mitotic-specific cyclin (Sro70_g038790).  
The strong downregulation of cell cycle genes in the OXO14 treatment points towards 
a cell cycle arrest most likely at the transition from G1 to S-phase. This hypothesis is 
supported by the observation that cell growth in the OXO14 treatment stagnated 
during the second day of culturing (Figure 5.3B).   
OXO14 and TA14 induce a shift in the lipid metabolism of Seminavis robusta  
The bacterial QS compounds OXO14 and TA14 induced transcriptional changes of the 
fatty acid metabolism which were not observed in the C14 treatment (Table 5.1, ST 6). 
During fatty acid biosynthesis acetyl-CoA is elongated in several rounds to 
hexadecenoic acid in the cytosol. Two genes involved in this process were 
downregulated in both treatments, a carrier protein transacylase (Sro2101_g314550) 
which transfers a malonyl moiety from malonyl-CoA to an acyl-carrier protein, and a 
fatty acid synthase (Sro2538_g330550), a multi-enzyme protein complexes catalyzing 
numerous steps during fatty acid synthesis. Furthermore, we found downregulation 
in two 3-oxoacyl-[acyl-carrier-protein] synthases, enzymes catalyzing the first 
condensation step of fatty acid biosynthesis (Sro435_g142450 and Sro435_g142440) 
and an oxidoreductase (Sro70_g039020) which facilitates the first reductive step in 
the elongation of fatty acids. In contrast, we detected upregulation of five genes in the 
opposite pathway, β-oxidation, during which fatty acids are degraded into acetyl-CoA 
in the peroxisome (ST 6). In both treatments we saw upregulation of an acyl-CoA 
dehydrogenase (Sro1037_g234200), an enzyme initiating β-oxidation, and an acetyl-
CoA acyltransferase (Sro164_g073440). These results suggest a shift in lipid 
metabolism towards increased fatty acid degradation. 
OXO14 and TA14 induce upregulation of two key enzymes of the glyoxylate cycle 
The glyoxylate cycle shares five out of eight enzymes with the mitochondrial 
tricarboxylic acid cycle (TCA) and can process acetyl-CoA generated during β-
oxidation by forming malate which can subsequently be transported into 
mitochondria (Smith et al. 2016). In contrast to the TCA cycle, the glyoxylate cycle is 
located in peroxisomes and its two key enzymes, isocitrate lyase and malate synthase, 
are absent in the TCA cycle. Isocitrate lyase forms glyoxylate and succinate from 
isocitrate while malate synthase catalyzes the reaction to form malate from glyoxylate 




and acetyl-CoA (Figure 5.5). By using these two enzymes, the glyoxylate cycle prevents 
carbon loss in the form of CO2. Both enzymes, isocitrate lyase (Sro2108_g314900) and 
malate synthase (Sro868_g213270), are conserved and encoded by only one gene each  
in S. robusta. In the OXO14 and the TA14 treatment both enzymes are upregulated 
while no differential expression was observed in the C14 treatment (Table 5.1, ST 7). 
Excess oxaloacetate generated in this pathway could be further processed into storage 
carbohydrates by gluconeogenesis which is supported by upregulation of two 
fructose-1,6-bisphosphatases (ST 7) in the OXO14 and the TA14 treatment 





Photosynthesis is affected by OXO14 and TA14 
In the OXO14 and the TA14 treatment, we observed differential expression of genes 
encoding for 20 light harvesting proteins, all of which contained a chlorophyll a/b 
binding domain (ST 8). Notably, none of these genes was affected by the addition of 
C14. Chlorophyll a/b binding proteins are apoproteins in the light harvesting complex 
of photosystem II (PSII) (Liu et al. 2013). They are commonly associated with the 
pigments chlorophyll and xanthophyll and transfer the excitation energy from the 
absorbed light to the core complex of PSII (Liu et al. 2013) . In total there are 81 genes 
in the S. robusta genome with the same InterPro domain, suggesting that 
approximately 25% of them were differentially expressed in these two treatments. In 
total, 17 of the 20 DE light harvesting genes belonged to two gene families, 
HOM02SEM000080 and HOM02SEM000043 (ST 8). Interestingly, genes of the family 
Figure 5.6 Schematic drawing of 
the glyoxylate cycle. The two up-
regulated reactions in the OXO14 
and the TA14 treatment, catalysed 
by the key enzymes isocitrate lyase 
and malate synthase, are indicated 







HOM02SEM000080 were exclusively upregulated while genes of gene family 
HOM02SEM000043 were predominantly downregulated. 
Of the 20 genes encoding light harvesting proteins, 17 (Up: 8, Down: 9) were 
differentially expressed in the OXO14 treatment and 8 (Up: 5, Down: 3) in the TA14 
treatment. Seeing as genes were up-and down regulated the expression data did not 
allow for a clear conclusion in which way OXO14 and TA14 affected photosynthesis. 
However, during the three days of culturing prior to RNA extraction we took daily 
measurements of S. robusta with a PAM-fluorometer which recorded photosynthetic 
efficiency, Fv/Fm, of all treatments (Figure 5.6). These fluorescence data show that 
photosynthetic efficiency was not affected by C14 addition which fits to the 
observation that this treatment did also not induce differential expression in light 
harvesting proteins. In contrast, Fv/Fm was reduced in the OXO14 and, more severely, 
in the TA14 treatment suggesting that addition of these two compounds had a negative 
impact on photosynthesis despite the ambiguous gene expression profile.  
 
Figure 5.7 Photosynthetic efficiency of S. robusta. Fv/Fm of S. robusta was measured over 
three days of treatment with DMSO (=control), 40 M C14, 40 M OXO14 and 5 M TA14. 
Measurements were taken of the same cell culture flasks where cells were cultured for RNA 
extraction. Lines connect means of five individually plotted replicates.    
 
AHL and TA treatment induces detoxification response in Seminavis robusta  
We also detected upregulation of 18 genes involved in glutathione metabolism, i.e. one 
glutathione synthetase, three glutathione peroxidases and 14 glutathione S-
transferases (Table 5.1, ST 9). Glutathione is a metabolite with multiple functions but 
is most commonly mentioned as potent antioxidant in the cell. It is involved in the 




detoxification of reactive oxygen species (ROS), hence upregulation of glutathione 
related genes is often an indicator for oxidative stress. Glutathione synthetases 
produce glutathione from glycine, while glutathione peroxidases oxidize glutathione 
to glutathione disulfide and glutathione S-transferases attach glutathione via an S-
bond to various substrates for detoxification. Overall, most genes (16 genes) were 
upregulated in the OXO14 treatment, followed by 11 genes in the C14 treatment and 10 







Table 5.1 List of differentially expressed genes relevant to this study. Listed genes were 
involved in cell cycle, fatty acid metabolism, glyoxylate cycle and glutathione metabolism. 
numbers represent log2-fold changes and are indicated when a gene was significantly up-or 
downregulated (log2>1, FDR<0.05).
  Gene Description C14 OXO14 TA14 
cell cycle 
Sro975_g226830 G1/S-specific cyclin-E1 2.43   
Sro555_g165810 G1/S-specific cyclin-E1  -4.79  





 -4.13  
Sro3109_g343920 
Mitotic spindle assembly 
checkpoint protein MAD2A 
 -10.33  
Sro589_g171680 cycle protein 20 homolog  -6.94  
Sro70_g038790 G2/mitotic-specific cyclin  -4.40  
Sro1737_g294460 Transcription factor DP-1  -2.20  
Sro794_g203360 Eukaryotic translation initiation 
factor 1b 
 -2.44  
Fatty acid  
biosynthesis 
Sro435_g142450 3-oxoacyl-[acyl-carrier-
protein] synthase 3 
 -3.88  
Sro2538_g330550 fatty acid synthase  -3.62 -2.82 
Sro70_g039020 Reductase  -2.87  




  -2.23 




chain family member 
 2.07  
Sro1037_g234200 acyl-CoA dehydrogenase  2.34 1.99 
Sro169_g075210 glutaryl-CoA dehydrogenase  1.71  
Sro497_g154730 Acetyl-CoA acetyltransferase  1.81  
Sro164_g073440 CoA thiolase  3.06 2.93 
Glyoxylate  
cycle 
Sro2108_g314900 Isocitrate lyase  3.43 3.56 
Sro868_g213270 malate synthase  2.75 3.34 
Glutathione  
metabolism 
Sro739_g195420 glutathione synthetase 3.09   
Sro243_g096810 glutathione peroxidase 2.69 4.67 2.45 
Sro1565_g282790 glutathione peroxidase 2.27 4.24 2.16 
Sro87_g046030 glutathione peroxidase   1.86 
Sro1751_g295250 Glutathione S-transferase 1.81 2.61  
Sro1169_g248600 Glutathione S-transferase 3.28 3.34 2.15 
Sro896_g217310 Glutathione S-transferase 1.95 2.02 2.26 
Sro643_g180360 Glutathione S-transferase 3.61 4.51 2.32 
Sro17_g012290 Glutathione S-transferase 2.64 4.12 2.37 
Sro438_g143050 Glutathione S-transferase 3.08 4.11 2.73 
Sro306_g113110 Glutathione S-transferase 3.12 5.03  
Sro605_g174280 Glutathione S-transferase 2.13 2.60  
Sro94_g048960 Glutathione S-transferase  8.36 5.19 
Sro164_g073450 Glutathione S-transferase  2.34 2.59 
Sro825_g207680 Glutathione S-transferase  5.21  
Sro945_g223090 Glutathione S-transferase  2.84  
Sro982_g227760 Glutathione S-transferase  2.04  









Many proteobacteria utilize AHL-mediated cell-cell communication to coordinate 
their behavior and previous studies could demonstrate that these signaling molecules 
also induce responses in eukaryotes. In plants and algae, for example, exposure to 
AHLs has been shown to induce changes in root architecture, chemokinesis or 
mechanisms to interfere with AHL-mediated signaling, by either degrading AHLs or 
releasing AHL-mimics (Joint et al. 2007; Ortiz-Castro et al. 2008; Syrpas et al. 2014; 
Teplitski et al. 2004). In plants, studies could confirm that AHL treatment induced wide 
changes on gene- and protein level (Mathesius et al. 2003; Schenk et al. 2014), however, 
molecular studies on microalgae in this direction are lacking. Preliminary studies on 
the benthic diatom S. robusta showed that the diatom responded to treatment with 
structurally related AHLs with growth stimulation and growth inhibition suggesting 
that the diatom can distinguish between AHLs with high structural similarity (SI 1). 
These preliminary findings led us to hypothesize that treatment with structural AHL 
homologs C14 and OXO14 and its tetramic acid rearrangement product TA14 would 
also induce distinct patterns in gene regulation.  
In total we found differential expression in 3,410 genes in at least one treatment 
constituting approximately 12% of all sequenced genes in this study. Furthermore, the 
global expression profiles of S. robusta in response to OXO14 and TA14 were more 
similar to each other compared to the C14 treatment which can be explained by the 
fact that TA14 is a direct rearrangement product of OXO14 (Kaufmann et al. 2005). A 
previous study measured the decomposition of the closely related AHL OXO12 into its 
tetramic acid derivative (TA12) in seawater and found that 20 µM TA12 had formed 
from 100 µM OXO12 within 24 hours (Stock et al. 2019). Assuming that the reaction 
kinetics of OXO14 follow a similar pattern, 40 µM OXO14 could potentially form 8 µM 
TA14 within one day, indicating that it is likely that tetramic acid had formed in the 
OXO14 treatment. Hence, gene expression in the OXO14 treatment was likely affected 
by both, the 3-oxo-AHL as well as its TA rearrangement product.  
Regarding differential gene expression induced by AHL- and TA-treatment, we 
detected upregulation of numerous genes involved in intracellular signaling, i.e. genes 
encoding cyclases, protein kinases, G-protein coupled receptors (GPCRs) and proteins 
with LRR-domains. The highest number of upregulated genes involved in intracellular 






intracellular signaling cascades in diatoms but most of the identified genes in this 
study are similar to genes involved in intracellular signaling in plants (Durham et al. 
2017). Proteins with LRR domains, for instance, can function as receptors on the cell 
surface or in the cytoplasm and are crucial to relay information about biotic and 
abiotic stimuli through a downstream signaling cascade (Durham et al. 2017). Among 
others, the signaling cascade includes calcium dependent kinases which eventually 
modulate the plant’s response to the external stimulus, for example bacteria, e.g. by 
upregulating its defense system or changes in its cell cycle (Durham et al. 2017).  
In the present study, we detected regulation of 129 genes which are part of the Leucine 
rich repeat superfamily (ST 1), 44 of which are annotated as LRR receptor-like kinases. 
Furthermore, we found 42 DE genes encoding for proteins with kinase domains (ST 4), 
including calcium dependent kinases and protein kinase kinase kinases (PKKK’s) which 
are likely involved in the signal relay system. We also detected regulation in 96 genes 
with cyclase activity 50 of which were annotated a guanylate cyclases, enzymes which 
synthesize the secondary messenger cGMP (ST 3). These results are comparable to a 
previous study investigating transcriptional and metabolic changes in a co-culture 
system consisting of the diatom Thalassiosira pseudonana and the bacterium Ruegeria 
pomeroyi (Durham et al. 2017). After 56 hours of co-culture they also found a high 
number of DE genes involved in intracellular signaling leading to the hypothesis that 
co-culture with the bacterium induced a putative diatom signaling cascade. Moreover, 
a similar observation was made by Cirri & De Decker et al. (2019) when S. robusta was 
treated with spent medium of Maribacter sp. and Roseovarius sp which induced 
upregulation of a high number of guanylate cyclases.    
Moreover, we detected downregulation of 7 genes encoding for regulatory cell cycle 
proteins, a response which was exclusive to the OXO14 treatment, and likely to prevent 
S. robusta from cell cycle progression. This expression profile is in accordance with 
the observation that cells stopped dividing after the second day in the OXO14 
treatment (Figure 5.3B). Similarly, a study on the diatom Thalassiosira weissflogii 
observed cell cycle arrest in the G1-S phase after treatment with the aldehyde 
decadienal which was eventually followed by cell death (Casotti et al. 2005). It is 
possible that downregulation of cell cycle genes in the OXO14 treatment were also a 
precursor for cell death. As mentioned above, it is possible that up to 8 µM TA14 had 
formed in the OXO14 treatment and its structural homolog, TA12, has been 
demonstrated to induce cell death starting from 20 µM in P. tricornutum (Stock et al. 




2019). In addition, the same study showed that TA14 is more potent than TA12 
indicating that lethal concentrations of TA14 are likely lower compared to TA12. Hence, 
it cannot be excluded that the downregulation of cell cycle genes was due to the 
formation of TA14 rather than OXO14 itself.  
In the OXO14 and the TA14 treatment downregulation of fatty acid biosynthesis was 
observed while fatty acid degradation was upregulated. Interestingly, Durham et al. 
(2017) also identified downregulation of twelve genes involved in fatty acid 
biosynthesis when the diatom T. pseudonana was co-cultured with the bacterium R. 
pomeroyi. However, it can only be speculated what this metabolic shift in lipid 
metabolism could indicate. First, we also detected upregulation of key enzymes of the 
glyoxylate cycle in the OXO14 and the TA14 treatment but not in the presence of C14 
suggesting that these metabolic responses might be linked. While not much is known 
about the function of the glyoxylate cycle in diatoms, it has been found that the 
glyoxylate cycle is linked to fatty acid degradation in plant seeds. During germination, 
plant seeds use the glyoxylate cycle to metabolize lipids into carbohydrates to obtain 
energy for germination (Gonzalez and Vodkin 2007). Thus, it is possible that 
upregulation of fatty acid degradation together with upregulation of glyoxylate cycle 
genes could indicate production of carbohydrates, for which purpose however, is still 
unclear.  
Second, the finding that fatty acid degradation is upregulated could also point towards 
the production of defense molecules, e.g. unsaturated aldehydes and jasmonic acid. It 
has been hypothesized that diatoms invest their energy in the formation of lipids, e.g. 
phospholipids, under low stress conditions, which are then cleaved by phospholipases 
to form the precursors of defense molecules under high stress levels (Pohnert 2002). 
In diatoms, one of the most common defence strategies is the production of 
unsaturated aldehydes such as decadienal (DD), which is synthesized from arachidonic 
acid (Pohnert 2002). A study on Thalassiosira rotula demonstrated that phospholipase 
A2 initiates the reaction cascade by cleaving fatty acid residues from phospholipids 
(Pohnert 2002). Even though mechanical stress is hypothesized to be crucial for the 
activation of phospholipase A2, we detected upregulation of this enzyme 
(Sro1901_g304330) in the OXO14 and the TA14 treatment (ST 10). This finding is in line 
with a previous study on S. robusta, where an increase in arachidonic acid was 
detected in the exo-metabolome of S. robusta after treatment with bacterial spent 






contrast to unsaturated aldehydes, jasmonic acid is formed from the C18 precursor 
linolenic acid (Koo 2017). Linolenic acid is transformed into 12-oxo-phytodienoic acid 
(OPDA) which is subsequently converted into jasmonic acid by OPDA reductase (OPR3) 
and three rounds of β-oxidation (Koo 2017). In response to bacterial spent medium 
Cirri & De Decker et al. 2019 found upregulation of an oxophytodienoate reductase-
like (OPR) protein (Sro250_g098890) in S. robusta. Interestingly, we also identified 
strong upregulation of the same gene in all three treatments (ST 10). Hence, 
upregulation of OPR together with the observation that β-oxidation was 
upregulated in the OXO14 and the TA14 treatment could also be an indicator for 
jasmonic acid production.   
Regarding photosynthesis, treatment with OXO14 and TA14 induced both, up- and 
downregulation of proteins involved in light harvesting (ST 8). However, 
measurements of photosynthetic efficiency over three days prior to RNA extraction 
suggested that OXO14 and TA14 negatively affected photosynthesis while no changes 
were observed in the C14 treatment compared to the solvent control. Imbalances in 
photosynthesis can lead to a build-up of reactive oxygen species (ROS) which are 
commonly detoxified by glutathione. Indeed, we did find upregulation of glutathione 
related genes, especially glutathione S-transferases, however, these genes were also 
upregulated in the C14 treatment. Thus, while it is possible that oxidative stress was 
caused by imbalances in photosynthesis in the OXO14 and the TA14 treatment the 
oxidative stress response in the C14 treatment was likely caused by other factors.        
In conclusion, we show that the diatom S. robusta reacts with distinct gene regulation 
towards treatment with AHL homologs and an AHL derived tetramic acid. While 
treatment with OXO14 and its tetramic acid rearrangement product predominantly 
induced stress related responses such as a shift in lipid metabolism towards increased 
fatty acid degradation and downregulation of cell cycle genes, treatment with C14 
induced upregulation of many genes involved in intracellular signaling. In benthic 
biofilms, S. robusta is surrounded by bacteria, and likely exposed to a wide range of 
AHLs. Our study provides evidence that S. robusta recognizes these structurally highly 
similar molecules, two of which only differ in a substitution at the C3 position. To our 
knowledge this is the first study showing a diatom’s transcriptional response to 
bacterial AHLs.  




Future studies could provide insights in the temporal- and concentration-dependent 
dynamics of these responses. For example, it was shown in plants that AHL-induced 
changes in protein levels underly temporal and concentration dependent dynamics  
(Mathesius et al. 2003). In our study applied AHL concentrations were relatively high 
which could have mimicked high bacterial densities. Seeing as AHLs have been 
proposed as a chemical cue for diatoms to sense and distinguish between bacteria in 
its surroundings it would be interesting to investigate the dynamics of a diatom’s 
response in more detail by applying lower AHL concentrations and/or investigating 
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 Supporting Tables 
ST 1. Differentially expressed proteins with LRR domain 
elements gene family Description CvC14 CvOXO14 CvTA14 
Sro45_g026870 HOM02SEM000016 Leucine Rich Repeat 2.02 NA NA 
Sro24_g016630 HOM02SEM000016 Leucine Rich Repeat 1.97 NA NA 
Sro3306_g346490 HOM02SEM000016 Leucine Rich Repeat NA NA 6.99 
Sro343_g122030 HOM02SEM000016 Leucine Rich Repeat NA NA 2.39 
Sro269_g104020 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
4.69 4.39 NA 
Sro274_g105540 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
-1.92 NA NA 
Sro107_g053920 HOM02SEM000016 0 4.72 NA NA 
Sro380_g130700 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
3.38 NA NA 
Sro139_g065150 HOM02SEM000016 Leucine Rich Repeat NA -2.83 NA 
Sro606_g174530 HOM02SEM000016 Leucine Rich Repeat 3.62 NA NA 
Sro1468_g275160 HOM02SEM000016 Leucine Rich Repeat -5.80 NA NA 
Sro1024_g232720 HOM02SEM000016 Leucine Rich Repeat NA -3.42 NA 
Sro52_g031030 HOM02SEM000016 Leucine Rich Repeat 2.35 NA NA 
Sro425_g140240 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
NA -1.71 -2.62 
Sro155_g070580 HOM02SEM000016 Leucine Rich Repeat NA 3.65 4.57 
Sro409_g137240 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
NA -1.73 -2.99 
Sro307_g113420 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
NA -1.97 NA 
Sro106_g053470 HOM02SEM000016 Leucine Rich Repeat NA 2.21 NA 
Sro1707_g292650 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
NA NA -2.83 
Sro213_g088310 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
NA -4.62 NA 
Sro409_g137230 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
3.02 NA NA 
Sro853_g211190 HOM02SEM000016 Leucine Rich Repeat 6.24 NA NA 
Sro122_g059180 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
At4g08850 
NA NA -3.21 
Sro995_g229140 HOM02SEM000016 leucine rich repeat 2.51 NA NA 
Sro692_g188080 HOM02SEM000016 Leucine Rich Repeat 3.93 3.45 NA 
Sro1048_g235200 HOM02SEM000016 Leucine Rich Repeat NA NA -2.03 
Sro449_g145300 HOM02SEM000016 STYKc 3.73 NA NA 
Sro105_g053250 HOM02SEM000016 Leucine Rich Repeat -1.88 NA NA 
Sro1644_g288160 HOM02SEM000016 Leucine Rich Repeat 5.01 3.50 5.23 
Sro905_g218560 HOM02SEM000016 Leucine Rich Repeat NA 3.18 4.06 
Sro32_g021020 HOM02SEM000016 Leucine Rich Repeat 2.64 NA NA 
Sro291_g109440 HOM02SEM000016 STYKc 3.15 NA NA 
Sro2940_g340670 HOM02SEM000016 Leucine Rich Repeat NA NA 3.07 






Sro1114_g242810 HOM02SEM000016 receptor-like protein 
kinase precursor 
-2.64 NA NA 
Sro32_g020790 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
3.07 NA 2.14 
Sro5_g003960 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
4.48 3.12 NA 
Sro32_g020780 HOM02SEM000016 Leucine Rich Repeat 4.08 2.31 3.39 
Sro503_g155840 HOM02SEM000016 Leucine Rich Repeat NA 3.17 2.81 
Sro52_g031200 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
4.69 NA NA 
Sro1343_g264670 HOM02SEM000016 Leucine Rich Repeat 6.60 NA NA 
Sro2004_g310430 HOM02SEM000016 leucine rich repeat NA NA -5.55 
Sro2829_g338080 HOM02SEM000016 Leucine Rich Repeat 6.16 NA NA 
Sro2_g001280 HOM02SEM000016 LRR receptor-like serine 
threonine-protein kinase 
NA NA -4.55 
Sro594_g172440 HOM02SEM000016 leucine rich repeat NA NA 9.48 
Sro52_g031210 HOM02SEM000016 Leucine Rich Repeat 9.36 NA NA 
Sro127_g061000 HOM02SEM000080 serine threonine-protein 
kinase BRI1-like 
2.72 NA NA 
Sro979_g227240 HOM02SEM000080 serine threonine-protein 
kinase BRI1-like 
NA -2.24 -2.25 
Sro830_g208230 HOM02SEM000188 leucine Rich Repeat 3.35 NA NA 
Sro490_g153530 HOM02SEM000188 0 NA -4.80 NA 
Sro1171_g248850 HOM02SEM000305 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
-2.18 NA NA 
Sro570_g168590 HOM02SEM000363 Leucine-rich repeat 
protein 
2.62 NA NA 
Sro544_g163621 HOM02SEM000459 Leucine Rich Repeat 2.02 NA NA 
Sro522_g159560 HOM02SEM000459 LRR receptor-like serine 
threonine-protein kinase 
NA 3.18 4.08 
Sro649_g181170 HOM02SEM000459 leucine rich repeat NA 2.39 2.57 
Sro265_g102970 HOM02SEM000459 LRR receptor-like serine 
threonine-protein kinase 
NA -2.70 NA 
Sro1128_g244291 HOM02SEM000459 LRR receptor-like serine 
threonine-protein kinase 
-2.54 NA NA 
Sro1928_g306040 HOM02SEM000656 Leucine Rich Repeat 4.91 NA NA 
Sro1104_g241810 HOM02SEM000656 Leucine Rich Repeat NA NA -2.80 
Sro1369_g266960 HOM02SEM000656 receptor-like protein NA NA -5.06 
Sro1113_g242630 HOM02SEM000656 Leucine Rich Repeat 3.30 NA NA 
Sro496_g154670 HOM02SEM000656 Leucine Rich Repeat 4.11 4.71 NA 
Sro1545_g281350 HOM02SEM000656 Leucine Rich Repeat NA NA 2.43 
Sro820_g207300 HOM02SEM000656 Leucine rich repeat N-
terminal domain 
2.16 NA 2.86 
Sro278_g106650 HOM02SEM000776 0 2.69 NA NA 
Sro338_g120850 HOM02SEM000862 leucine rich repeat NA -8.11 NA 
Sro305_g112750 HOM02SEM000862 leucine rich repeat NA -5.78 NA 
Sro7_g005830 HOM02SEM000901 receptor-like protein 
kinase precursor 
3.67 NA NA 
Sro7_g005840 HOM02SEM000901 leucine Rich Repeat 5.02 NA NA 




Sro7_g005860 HOM02SEM000901 receptor-like protein 
kinase precursor 
4.12 NA NA 
Sro7_g005850 HOM02SEM000901 Leucine Rich Repeat 5.01 NA NA 
Sro127_g060870 HOM02SEM001238 0 NA NA 2.47 
Sro840_g209400 HOM02SEM001238 0 3.94 4.27 NA 
Sro566_g167830 HOM02SEM001675 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
NA NA -4.02 
Sro548_g164440 HOM02SEM001802 0 2.64 NA NA 
Sro862_g212490 HOM02SEM001876 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
NA NA -3.04 
Sro1550_g281700 HOM02SEM003699 leucine-rich repeat, 
ribonuclease inhibitor 
subtype 
NA -2.76 -2.48 
Sro566_g167840 HOM02SEM004279 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
NA NA -4.14 
Sro737_g195170 HOM02SEM004279 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
2.72 2.54 3.13 
Sro502_g155650 HOM02SEM007487 0 NA -2.66 NA 
Sro489_g153270 HOM02SEM007781 serine threonine-protein 
kinase BRI1-like 
NA -2.88 NA 
Sro213_g088580 HOM02SEM007781 serine threonine-protein 
kinase BRI1-like 
NA -3.50 NA 
Sro638_g179570 HOM02SEM007781 leucine Rich Repeat NA -2.46 -3.04 
Sro2225_g319770 HOM02SEM008209 LRR receptor-like serine 
threonine-protein kinase 
6.69 NA NA 
Sro2239_g320230 HOM02SEM008209 LRR receptor-like serine 
threonine-protein kinase 
4.51 NA NA 
Sro390_g132860 HOM02SEM009844 0 NA NA 1.92 
Sro729_g193880 HOM02SEM009882 0 NA 2.48 3.32 
Sro41_g025320 HOM02SEM010074 STYKc NA -1.93 -4.01 
Sro2_g001190 HOM02SEM011515 0 NA 5.25 6.18 
Sro38_g023750 HOM02SEM011515 0 4.05 2.76 2.81 
Sro38_g023760 HOM02SEM011515 0 5.24 3.74 4.10 
Sro38_g023740 HOM02SEM011515 0 3.52 NA NA 
Sro753_g197280 HOM02SEM011784 0 4.41 NA NA 
Sro533_g161600 HOM02SEM012106 Leucine rich repeat 
containing 40 
NA NA -2.91 
Sro984_g227880 HOM02SEM012186 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
NA NA -4.55 
Sro1131_g244630 HOM02SEM012847 BRASSINOSTEROID 
INSENSITIVE 1-associated 
receptor kinase 1 
NA NA -3.75 
Sro1293_g260150 HOM02SEM013044 0 NA 2.88 NA 
Sro170_g075340 HOM02SEM013056 0 5.64 4.09 5.03 
Sro1544_g281240 HOM02SEM013165 LRR receptor-like serine 
threonine-protein kinase 
2.30 1.92 2.68 
Sro537_g162330 HOM02SEM013607 NLR family, CARD domain 
containing 3 






Sro3424_g347870 HOM02SEM013713 Leucine Rich Repeat 2.79 NA NA 
Sro305_g112700 HOM02SEM013855 0 NA -3.07 -2.97 
Sro2502_g329520 HOM02SEM013855 0 NA NA -6.61 
Sro560_g166690 HOM02SEM015697 NLR family, CARD domain 
containing 3 
NA 2.43 NA 
Sro219_g090270 HOM02SEM016262 0 NA 2.29 NA 
Sro602_g173770 HOM02SEM016945 LRR receptor-like serine 
threonine-protein kinase 
NA -3.49 NA 
Sro1788_g297580 HOM02SEM019530 0 NA -4.06 NA 
Sro1788_g297610 HOM02SEM019530 leucine Rich Repeat NA -7.95 NA 
Sro1213_g252970 HOM02SEM020465 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
NA NA -2.87 
Sro284_g107970 HOM02SEM020465 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
NA NA -5.73 
Sro2414_g326820 HOM02SEM022923 0 3.40 2.57 2.49 
Sro733_g194530 HOM02SEM023211 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
2.16 NA NA 
Sro2522_g330200 HOM02SEM023573 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
9.56 NA 9.39 
Sro1080_g238990 HOM02SEM023573 LRR receptor-like serine 
threonine-protein kinase 
At4g08850-like 
7.58 NA 6.62 
Sro125_g060160 HOM02SEM029131 NLR family, CARD domain 
containing 3 
NA -4.78 NA 
Sro398_g134730 HOM02SEM029485 0 NA NA 2.59 
Sro1639_g287820 HOM02SEM032649 0 NA -1.93 -2.10 
Sro1364_g266460 HOM02SEM035585 LRR receptor-like serine 
threonine-protein kinase 
NA NA -2.94 
Sro1282_g259031 HOM02SEM035752 LRR receptor-like serine 
threonine-protein kinase 
NA NA 4.75 
Sro116_g057040 HOM02SEM042297 0 1.74 NA NA 
Sro1253_g256380 HOM02SEM043896 LRR receptor-like serine 
threonine-protein kinase 
1.95 NA NA 
Sro436_g142680 HOM02SEM044980 NLR family, CARD domain 
containing 3 
NA NA -4.05 
Sro433_g141910 HOM02SEM046687 LRR receptor-like serine 
threonine-protein kinase 
NA -2.29 NA 
Sro2450_g328060 HOM02SEM049415 Leucine rich repeat N-
terminal domain 
NA NA 2.00 
Sro45_g027200 HOM02SEM075253 0 NA NA 2.46 
Sro1777_g296950 HOM02SEM080323 STYKc NA -2.96 NA 
Sro1579_g283760 HOM02SEM094823 LRR receptor-like serine 
threonine-protein kinase 
NA -3.25 -2.73 
Sro370_g128470 HOM02SEM109821 0 NA -2.14 NA 
Sro5_g003950 HOM02SEM122126 LRR receptor-like serine 
threonine-protein kinase 
4.20 NA NA 
 
  




ST 2. Differentially expressed G-proteins coupled receptors 




acid (GABA) B receptor  
8.03 6.14 6.95 
Sro1778_g296990 HOM02SEM000133
  
3.88 NA 3.72 
Sro164_g073460 HOM02SEM000133
  
2.98 NA 3.07 
Sro206_g086510 HOM02SEM000133
  
2.64 NA NA 
Sro1124_g243790 HOM02SEM000133
  
2.46 NA NA 
Sro1272_g258200 HOM02SEM000133
  
3.37 NA NA 
Sro346_g122700 HOM02SEM000133
  
3.33 NA NA 
Sro1803_g298650 HOM02SEM000133
  
NA -3.11 NA 
Sro1566_g282880 HOM02SEM000790
  
NA 4.79 4.99 
Sro107_g053750 HOM02SEM000790
  
2.81 NA NA 
Sro38_g023860 HOM02SEM000790
  
NA NA 2.15 
Sro787_g202420 HOM02SEM000790
  
NA NA 2.11 
Sro3052_g342840 HOM02SEM000790
  
NA 1.89 NA 
Sro708_g190670 HOM02SEM003115 4.93 NA NA 
Sro183_g079720 HOM02SEM001294
  








ST 3. Differentially expressed genes with cyclase activity 
Gene Gene Family Description CvC14 CvOXO14 CvTA14 
Sro2252_g320860 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
3.73 3.99 3.58 
Sro938_g222300 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
3.01 3.12 3.94 
Sro1084_g239470 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
3.84 2.75 3.27 
Sro27_g018150 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
5.49 5.49 NA 
Sro1658_g289110 HOM02SEM000012 Guanylate cyclase 4.88 3.30 NA 
Sro149_g068410 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
NA 4.40 4.25 
Sro76_g041670 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
4.06 NA NA 
Sro76_g041710 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
3.15 NA NA 
Sro198_g083980 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
2.91 NA NA 
Sro662_g183400 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
2.23 NA NA 
Sro1240_g255340 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
1.98 NA NA 
Sro467_g148960 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
NA 3.03 NA 
Sro2765_g336630 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
NA 2.76 NA 
Sro1266_g257560 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 
NA 2.75 NA 
Sro882_g215340 HOM02SEM000012 Receptor-type 
guanylate cyclase gcy 









guanylate cyclase gcy 









guanylate cyclase gcy 




guanylate cyclase gcy 
4.36 4.60 NA 
Sro354_g124710 HOM02SEM000012
  




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 
NA 3.78 4.62 
Sro997_g229450 HOM02SEM000012
  




guanylate cyclase gcy 
NA 3.35 3.30 







guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 
3.81 NA NA 
Sro2031_g311830 HOM02SEM000012
  
Ephrin type-B receptor 
3 (Fragment) 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 
2.97 NA NA 
Sro156_g070930 HOM02SEM000012
  




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 
2.50 NA NA 
Sro6_g005510 HOM02SEM000012
  




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 




guanylate cyclase gcy 
NA 7.64 NA 
Sro15_g011420 HOM02SEM000012
  
- NA -5.30 NA 
Sro18_g012740 HOM02SEM000012
  
cyclase soluble subunit 
alpha-1 
NA NA 2.73 
Sro9_g007450 HOM02SEM000012
  









guanylate cyclase gcy 
NA NA 2.17 
Sro790_g202800 HOM02SEM000012
  
- NA NA -3.23 
Sro2443_g327830 HOM02SEM000012
  










NA NA 9.66 
Sro743_g196100 HOM02SEM000078 Nitrilase family, 
member 2 
3.07 2.73 4.34 
Sro97_g050100 HOM02SEM000078 Nitrilase family, 
member 2 
1.94 2.09 2.46 
Sro710_g190980 HOM02SEM000078 Nitrilase family, 
member 2 
4.75 NA NA 
Sro132_g062490 HOM02SEM000078 Nitrilase family, 
member 2 
NA NA 6.38 
Sro888_g216470 HOM02SEM000078 Nitrilase family, 
member 2 
NA NA 3.58 
Sro1279_g258830 HOM02SEM000078 Nitrilase family, 
member 2 
NA NA 3.37 
Sro1321_g262500 HOM02SEM000078 - NA NA -2.43 
Sro167_g074370 HOM02SEM000078 - NA NA -2.91 
Sro97_g050060 HOM02SEM000078
  



































5.43 4.51 5.03 
Sro97_g050080 HOM02SEM000078
  



































NA 3.21 4.59 




























NA 8.39 NA 
Sro100_g051260 HOM02SEM000078
  















NA NA 3.20 
Sro1321_g262510 HOM02SEM000078
  
- NA NA -5.30 
Sro608_g174890 HOM02SEM000103
  
activated protein kinase 
catalytic subunit alpha-
1 
2.84 NA NA 
Sro2792_g337210 HOM02SEM010711 activated protein kinase 
catalytic subunit alpha-
1 
2.75 NA NA 
 
ST 4. Differentially expressed proteins with kinase domain 
Gene_ID Gene Family eggnog_description CvC14 CvOXO14 CvTA14 
Sro258_g101100 HOM02SEM000001 calcium-dependent 
protein kinase 
2.70 NA 2.23 
Sro32_g020770 HOM02SEM000001 serine threonine-protein 
kinase 
3.62 2.69 2.67 
Sro138_g064770 HOM02SEM000001 S_TKc 2.30 2.23 2.75 
Sro139_g065130 HOM02SEM000001 calcium-dependent 
protein kinase 
3.13 NA 3.22 
Sro138_g064760 HOM02SEM000001 calcium-dependent 
protein kinase 
2.23 2.37 3.28 
Sro198_g084080 HOM02SEM000001 calcium-dependent 
protein kinase 
2.30 2.42 3.66 
Sro338_g120890 HOM02SEM000001 calcium-dependent 
protein kinase 
3.80 3.79 5.29 
Sro1497_g277590 HOM02SEM000001 calcium-dependent 
protein kinase 
5.84 5.88 7.21 
Sro90_g047490 HOM02SEM000001 Lipopolysaccharide 
kinase (Kdo/WaaP) 
family 
-2.43 NA NA 
Sro1013_g231310 HOM02SEM000001 calcium-dependent 
protein kinase 
2.20 NA NA 
Sro1430_g271930 HOM02SEM000001 calcium-dependent 
protein kinase 
3.68 NA NA 
Sro372_g128880 HOM02SEM000001 calcium-dependent 
protein kinase 






Sro68_g038070 HOM02SEM000001 calcium-dependent 
protein kinase 
2.41 NA NA 
Sro634_g178990 HOM02SEM000001 calcium-dependent 
protein kinase 
NA -2.34 NA 
Sro337_g120630 HOM02SEM000001 calcium-dependent 
protein kinase 
3.06 NA NA 
Sro790_g202800 HOM02SEM000012 Guanylate cyclase NA NA -3.23 
Sro9_g007450 HOM02SEM000012 #NV NA NA 2.17 
Sro1086_g239700 HOM02SEM000012 Guanylate cyclase 4.82 NA NA 
Sro15_g011420 HOM02SEM000012 Guanylate cyclase NA -5.30 NA 
Sro366_g127640 HOM02SEM000012 Guanylate cyclase 3.81 NA NA 
Sro886_g216200 HOM02SEM000012 Guanylate cyclase 2.04 NA NA 
Sro2031_g311830 HOM02SEM000012 Guanylate cyclase 3.76 NA NA 
Sro452_g145870 HOM02SEM000031 AarF domain containing 
kinase 
2.88 3.91 2.99 
Sro298_g111200 HOM02SEM000031 AarF domain containing 
kinase 
6.29 3.97 3.79 
Sro601_g173600 HOM02SEM000041 protein kinase kinase 
kinase 
2.85 NA 2.31 
Sro448_g145210 HOM02SEM000041 protein kinase kinase 
kinase 
NA NA 2.34 
Sro106_g053590 HOM02SEM000041 protein kinase kinase 
kinase 
2.78 1.97 2.64 
Sro252_g099590 HOM02SEM000041 protein kinase kinase 
kinase 
3.54 1.96 2.79 
Sro2811_g337610 HOM02SEM000041 protein kinase kinase 
kinase 
3.02 2.76 3.20 
Sro816_g206710 HOM02SEM000041 protein kinase kinase 
kinase 
NA 2.13 3.25 
Sro183_g079780 HOM02SEM000041 protein kinase kinase 
kinase 
3.71 3.65 3.64 
Sro119_g057960 HOM02SEM000041 protein kinase kinase 
kinase 
4.29 3.41 4.75 
Sro421_g139540 HOM02SEM000041 protein kinase kinase 
kinase 
4.32 NA NA 
Sro91_g047560 HOM02SEM000041 protein kinase kinase 
kinase 
3.91 NA NA 
Sro119_g058090 HOM02SEM000041 protein kinase kinase 
kinase 
NA -1.80 NA 
Sro608_g174890 HOM02SEM000103 Guanylate cyclase 2.84 NA NA 
Sro57_g033520 HOM02SEM000158 protein kinase kinase 
kinase 
NA -2.33 NA 
Sro3560_g349180 HOM02SEM000158 protein kinase kinase 
kinase 
-2.80 NA NA 
Sro690_g187690 HOM02SEM001415 budding uninhibited by 
benzimidazoles 1 
homolog, beta 
NA -4.13 NA 
Sro2562_g331340 HOM02SEM004038 0 2.18 NA NA 
Sro2792_g337210 HOM02SEM010711 Guanylate cyclase 2.75 NA NA 
Sro412_g137930 HOM02SEM068458 0 1.99 NA NA 
 
 




ST 5. Differentially expressed cell cycle genes  
Gene Gene Family Description CvC14 CvOXO14 CvTA14 
Sro975_g226830 HOM02SEM000091
  
G1/S-specific cyclin-E1 2.43 NA NA 
Sro555_g165810 HOM02SEM000091
  
complex that (...) 
regulates the cell-cycle 
during G(1) S transition 
NA -4.79 NA 
Sro374_g129180 HOM02SEM000091
  
complex that (...) 
regulates the cell-cycle 
during G(1) S transition 
NA NA 2.60 
Sro690_g187690 HOM02SEM001415 Mitotic checkpoint 
serine/threonine-
protein kinase BUB1 






NA -10.33 NA 
Sro589_g171680 HOM02SEM000195
  
cycle protein 20 
homolog 














initiation factor 1b 
NA -2.44 NA 
 
ST 6. Differential expression of genes involved in fatty acid biosynthesis and 
degradation.  




protein] synthase 3 
NA -3.88 NA 
Sro2538_g330550 fatty acid synthase NA -3.62 -2.82 
Sro70_g039020 reductase NA -2.87 NA 
Sro2101_g314550 carrier protein transacylase NA -2.58 -2.19 
Sro435_g142440 3-oxoacyl-[acyl-carrier-
protein] synthase 1 
NA NA -2.23 
Fatty acid ß-
oxidation 
Sro309_g113710 Acyl-CoA synthetase long-
chain family member 
NA 2.07 NA 
Sro1037_g234200 acyl-CoA dehydrogenase NA 2.34 1.99 
Sro169_g075210 glutaryl-CoA dehydrogenase NA 1.71 NA 
Sro497_g154730 Acetyl-CoA acetyltransferase NA 1.81 NA 









ST 7. Differentially expressed genes of the Glyoxylate cycle and Glucolysis/ Gluco-
neogenesis 
Process Gene_ID Description CvC14 CvOXO14 CvTA14 
Glyoxylate 
cycle 
Sro2108_g314900 Isocitrate lyase NA 3.43 3.56 







NA -2.70 -2.96 




-2.01 NA NA 
Sro1842_g301030 Fructose-1,6-bisphosphatase NA 2.99 1.93 
Sro1029_g233230 Fructose-1,6-bisphosphatase NA 2.53 2.28 
 
ST 8. Differentially expressed genes associated with light harvesting. 
Gene_ID Gene family Description CvC14 CvOXO14 CvTA14 
Sro86_g045670 HOM02SEM000043 Fucoxanthin-chlorophyll 
a-c binding protein 
NA 3.51 NA 
Sro533_g161680 HOM02SEM000043 Fucoxanthin-chlorophyll 
a-c binding protein 
NA -4.02 -3.28 
Sro1451_g273830 HOM02SEM000043 Fucoxanthin-chlorophyll 
a-c binding protein 
NA -2.05 NA 
Sro236_g095070 HOM02SEM000043 Fucoxanthin chlorophyll 
a c 




a-c binding protein 




a-c binding protein 




a-c binding protein 




a-c binding protein 




a-c binding protein 




a-c binding protein A, 
chloroplastic 
NA NA -1.86 
Sro149_g068340 HOM02SEM000080 b binding protein L1818, 
chloroplastic 
NA 2.51 NA 
Sro844_g209920 HOM02SEM000080 Fucoxanthin chlorophyll 
a c 
NA NA 9.79 
Sro1207_g252450 HOM02SEM000080 b binding protein L1818, 
chloroplastic 















NA 3.89 NA 






b binding protein L1818, 
chloroplastic 
NA 2.31 NA 
Sro74_g040880 HOM02SEM000096
  
Chlorophyll A-B binding 
protein 
NA 3.94 3.82 
Sro132_g062570 HOM02SEM000096
  
Chlorophyll A-B binding 
protein 





NA -2.25 NA 
 
ST 9. Differentially expressed genes involved in glutathione metabolism. 
Gene Gene Family Description CvC14 CvOXO14 CvTA14 
Sro1751_g295250 HOM02SEM000341
  
glutathione Stransferase 1.81 2.61 NA 
Sro243_g096810 HOM02SEM000383 glutathione peroxidase 2.69 4.67 2.45 
Sro1565_g282790 HOM02SEM000383
  
glutathione peroxidase 2.27 4.24 2.16 
Sro87_g046030 HOM02SEM000383
  
glutathione peroxidase NA NA 1.86 
Sro739_g195420 HOM02SEM001859
  





3.28 3.34 2.15 
Sro896_g217310 HOM02SEM003657 Glutathione S-
transferase 















2.64 4.12 2.37 
Sro438_g143050 HOM02SEM014741
  





NA 2.34 2.59 












3.12 5.03 NA 
Sro605_g174280 HOM02SEM024606
  



















ST 10. Differentially expressed genes involved in biosynthesis of defence molecules 
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 Objectives and relevance of this study 
Interactions between diatoms and bacteria have shaped over millions of years and 
eventually resulted in close associations between diatoms and a handful of bacterial 
phylotypes (Ajani et al. 2018; Amin et al. 2012). One phylum of bacteria that is often 
found to co-occur with diatoms are Proteobacteria. To date, several studies highlight 
that diatoms and members of the Proteobacteria interact with each other, a process 
that can be both beneficial or harmful to the alga. Next to its fundamental importance, 
understanding chemical interactions between algae and bacteria could be of great 
value in the marine industry, e.g. in seaweed-cultivation or micro-algae mass 
cultivation.  Knowledge on algae-bacteria interactions is crucial for these industries 
to develop strategies against pathogen infections, increase biomass yields in 
microalgae cultivation and prevent biofilm formation.   
The focus of this thesis was cross-kingdom signaling between diatoms and bacteria 
via bacterial signaling molecules. In plants this phenomenon has already been studied 
for years and AHLs can indeed induce specific plant responses such as growth 
stimulation, changes in root morphology and defense responses (Schenk et al. 2014; 
Ortiz-Castro et al. 2008; Schikora et al. 2011). Intrigued by these studies it has been 
hypothesized that diatoms could also respond to bacterial signaling molecules and 
perhaps even distinguish between beneficial and algicidal bacteria (Amin et al. 2012). 
Studying QS-mediated interactions between diatoms and bacteria could provide novel 
ideas for future applications, e.g. in biofilm prevention. However, to date very little is 
known about responses of diatoms to bacterial signaling molecules and their 
distribution and concentration in natural biofilms. Therefore, it was our objective to 
provide evidence that AHLs occur in marine biofilms and to study how diatoms 
respond on a physiological and molecular level to QS molecules.  
In the framework of this thesis, we developed a method to measure in situ AHL 
concentrations in intertidal biofilms which harbor high densities of bacteria and 
diatoms. Our method covers the whole process, from collection of field samples to 
quantification of AHL concentrations, because previously described methods were not 
suitable to quantify AHLs in intertidal biofilms. Using this method, we could provide 
evidence that AHLs are present in intertidal biofilms and, for the first time, report AHL 
concentrations in this habitat. Furthermore, the described method is ready-to-use for 





future studies aiming to measure AHL concentrations in biofilms and can easily be 
adapted for measurements of other compounds.  
In physiological studies we identified that QS compounds like AHL-derived tetramic 
acids and alkyl-quinolones induce growth inhibiting effects on a range of diatoms 
which, in both cases, were caused by inhibition of the photosynthetic electron 
transport chain. In contrast to AHL-derived tetramic acids, alkyl-quinolones were 
already shown to induce strong growth inhibition in a microalga, i.e. the 
coccolithophore Emiliania huxleyi (Harvey et al. 2016). However, by using a 
combination of different fluorescence techniques, we were able to determine the 
primary target of HHQ, the same quinolone that was used in the study on E. huxleyi. 
These findings indicate that both, tetramic acids and AQ’s, could serve bacteria as 
chemical weapons in natural communities to keep other microorganisms like 
microalgae at bay.  
After testing a range of synthetic AHLs on the benthic diatom Seminavis robusta, two 
AHL-homologs and a tetramic acid, i.e. C14, OXO14 and TA14, were selected to 
investigate how these compounds modulated gene expression of the diatom. 
Interestingly, transcriptional responses to the C14 treatment, which caused growth 
stimulation, were distinct from responses to treatment with OXO14 and TA14, both of 
which caused growth inhibition. While treatment with OXO14 and TA14 caused 
differential expression in several metabolic pathways, none of these pathways were 
affected by C14. Instead, C14 treatment induced upregulation of many genes involved 
in intracellular signaling. To our knowledge we present the first study to characterize 
a diatom’s response to AHLs on a transcriptional level highlighting that diatoms can 
not only respond to these diffusible signaling molecules but also distinguish between 
molecules with high structural similarity.  
These findings show that marine bacteria can shape their immediate surroundings by 
releasing signaling molecules that can be harmful to surrounding diatoms. Bacteria 
could benefit from releasing algicidal signaling molecules by getting quick access to 
nutrients or by gaining an advantage in the competition for space in microbial biofilms. 
However, we also identified one AHL (C14) which induced growth stimulation in 
diatoms and upregulated several genes involved in signaling suggesting signal 
perception by the diatom. In the following some aspects of our studies will be 






  Lab experiments vs. the real world 
Investigating chemical interactions between bacteria and diatoms that are likely to 
play a role on the microscale in highly heterogenous environments such as biofilms is 
a challenging task. Without prior knowledge about the possible effects of quorum 
sensing compounds on diatoms, the highly complex biofilm system needs to be 
simplified. To do so, experiments were carried out on a limited number of diatom 
species under axenic conditions with synthetic QS compounds. The following outline 
shall provide some reasoning for the experimental set-up.  
6.2.1 Choice of diatoms 
In total, four different diatom species were used in this study, i.e. Phaeodactylum 
tricornutum, Cylindrotheca closterium, Seminavis robusta and Achnanthidium 
minutissimum.  
P. tricornutum has been used in the physiology studies presented in chapters 3 and 4 
where the effects of tetramic acids and quinolones on diatoms were tested. P. 
tricornutum was selected for these experiments because it is a model diatom which 
grows quickly to high cell densities making it a suitable diatom to study its photo-
physiology. For instance, very high cell densities (40 μg mL-1 chl a) were crucial for the 
Dual-PAM experiments in chapter 4 which measured activity of both photosystems at 
once. Obtaining enough cells for this experiment would not have been feasible with 
one of the other three diatoms because they grow slower than P. tricornutum. 
Furthermore, P. tricornutum can grow evenly in suspension whereas the other three 
diatoms used in this thesis are benthic, biofilm-forming species. Since a lot of 
measurements in chapter 3 and 4 were taken in cuvettes (OJIP fluorescence 
transients, experiments with a Joliot-type photo spectrometer) P. tricornutum was 
more suitable because benthic diatoms tend to settle and stick to the bottom and the 
sides of cuvettes making it difficult to obtain robust measurements. Lastly, P. 
tricornutum can be transformed and strains expressing a redox sensitive GFP sensor 
in different organelles (chloroplast, nucleus, cytoplast, stroma and mitochondria) are 
available (Rosenwasser et al. 2014; Graff van Creveld et al. 2015). These strains were 
used to test if tetramic acid induced oxidative stress in P. tricorntum. Even though 
these experiments remained inconclusive, they would not have been possible with the 
other three diatoms.  





S. robusta is a marine benthic diatom and serves as a model organism to study sexual 
reproduction in diatoms. Over the last years, the genome of S. robusta has been 
sequenced and annotated and is currently being prepared for publication (personal 
communication with Wim Vyvmeran). In line with this project, a S. robusta 
“transcriptome atlas” was created, meaning researchers treated S. robusta with several 
abiotic and biotic stresses to a) get a better insight into the diatom’s transcriptional 
response to a treatment and b) improve the quality of the genome annotation. The 
transcriptome study in chapter 5 is part of this transcriptome atlas and the project 
provided a good framework because resources like an annotated draft genome, a 
bioinformatic pipeline, and a lot of expertise were available. Furthermore, S. robusta is 
a biofilm forming diatom making it a more ecologically relevant species to study 
transcriptional changes induced by AHLs and tetramic acids compared to P. 
tricornutum.     
A. minutissimum and C. closterium are both ubiquitous biofilm-forming diatoms that 
have been selected because of their high ecological relevance. C. closterium is a 
benthic marine diatom that is found in diverse habitats, e.g. on muddy sediments, on 
ship hulls or sea-ice (Doiron et al. 2012; von Quillfeldt et al. 2003). Its high abundance 
was confirmed by PhD student Willem Stock who identified C. closterium on sediments 
and in the water column in different estuaries along the coast of the North sea (from 
Somme, France, to the Wadden Sea) (Stock 2019). As a highly abundant biofilm forming 
marine diatom, C. closterium was an ideal species to test if treatments with tetramic 
acids and quinolones induced a similar response compared to P. tricornutum. This 
explanation is also valid for A. minutissimum, a cosmopolitan biofilm forming 
freshwater species. It is highly abundant in lakes and serves as an indicator for good 
ecological conditions (Rivera et al. 2018). Furthermore, A. minutissimum is used as a 
model organism to study biofilm formation because co-culture with certain bacteria 
(or their supernatants) has been found to induce EPS production and hence biofilm 
formation whereas axenic A. minutissimum cultures grow in suspension (Bruckner et 
al. 2011). A. minutissimum was included in the tests on quinolones in chapter 4 to 







Figure 6.1 Light microscopy pictures of diatoms used in this study. (A) Cylindrotheca 
closterium, (B) Phaeodactylum tricornutum, (C) Achnanthidium minutissimum, (D) Seminavis 
robusta. Pictures were all taken at the same magnification. 
 
6.2.2 Culture conditions 
To identify physiological and molecular changes that were specifically induced by 
AHLs, quinolones or tetramic acids, experiments in this thesis were done on axenic 
diatom cultures (= without bacteria). In fact, axenic diatom cultures are required to 
study algal physiology, biochemistry, cell- and molecular biology without confounding 
variables such as bacterial interactions (Sensen et al. 1993). There are different 
methods to make algal cultures axenic, including sub-culturing, ultra-sonication, 
phototaxis, ultraviolet radiation, micropicking or antibiotic treatment (Lee et al. 2015). 
Among these techniques, antibiotic-treatment is used most frequently because of its 
simplicity and effectiveness. However, antibiotic treatment can be harmful to algae 
and can lead to vacuolization of the cytoplasm, or the destruction of the chloroplast 
and cell death (Lee et al. 2015).  





To develop a suitable antibiotic cocktail for S. robusta that was efficient in making 
diatom cultures axenic without being harmful to the alga, a range of antibiotics was 
tested on S. robusta at different concentrations (W. Stock, unpublished data). After 
three days of treatment biomass increase and photosynthetic yield of S. robusta was 
assessed showing that several antibiotics did not seem to have toxic effects on the alga 
compared to an untreated control (Figure 6.2). Subsequently, a mixture of these 
antibiotics was created (500 μg mL-1 penicillin, 500 μg mL-1 ampicillin, 100 μg mL-1 
streptomycin and 50 μg mL-1 gentamicin) which proved to be efficient in making S. 
robusta cultures axenic. This antibiotic mixture was also tested on other diatom 
species and did not reduce growth compared to an untreated control (personal 
communication with W. Stock).  
In the experiments presented in this thesis S. robusta and C. closterium were treated 
with this antibiotic mix for 1-2 weeks prior to the experiments while the experiments 
itself were carried out without any added antibiotics. Even though our experiments 
suggest that diatoms tolerated treatment with this antibiotic mixture, it cannot be 
excluded that antibiotic-treatment induced an additional stress to the alga, perhaps 
making them more susceptible towards treatment with tetramic acids, AHLs or 
quinolones. However, we cannot be certain that any stress is induced by the antibiotic 
per se or the lack of the algal microbiome.  
Nevertheless, to date we know very little about the effects of quorum sensing 
compounds on diatoms which is why this simplified set-up with axenic diatom 
cultures was chosen deliberately. Working with xenic cultures (=with bacteria) would 
have added a layer of complexity to our experiments possibly leading to a situation 
where we would not be sure if observed effects were caused by a) the added 
compound itself, b) the associated bacteria or c) an interaction of the added 
compounds with the bacteria. Thus, our study can be viewed as a valuable reference 
as in how the system behaved in the absence of bacteria that future studies can build 








Figure 6.2 Biomass and photosynthetic yield of S. robusta after antibiotic treatment.S. 
robusta was treated with a range of antibiotics at different concentrations (10, 50, 100, and 500 
g mL-1 ). After three days fluorescence was measured as a proxy for biomass increase (A) and 
photo-synthetic yield (B). Grey bars on the left side of the plots indicate untreated diatom 
cultures. Black arrows indicate the concentration of a respective antibiotic that was used in the 
antibiotic mix. AM = Ampicillin, GE = Gentamicin, PE = Penicillin, ST = Streptomycin (Graphs 
provided by Stock, W., unpublished data) 
 
 





6.2.3 Compound concentrations 
In chemical ecology, it is often difficult to interpret how results from laboratory 
studies apply to natural environments. This is especially true when natural compound 
concentrations are unknown. In this study, we treated a selection of diatoms with 
synthetic AHLs, tetramic acids and quinolones, hypothesizing that the applied 
concentrations could be within the range of natural concentrations in biofilms. 
However, literature on environmental concentrations of AHLs is scarce and non-
existent for tetramic acids and quinolones which is why a broad range of 
concentrations was tested. Furthermore, compound concentrations can be altered by 
abiotic factors like pH or biotic factors like enzymatic degradation.  
While no reports on environmental concentrations of tetramic acids and quinolones 
could be found, there are a few studies that have quantified AHL concentrations in 
environmental marine biofilms. Using GC-MS, Huang et al. (2007) measured a C12 
concentration of 3.36 mM in a 6-9 day old subtidal biofilm. In contrast, Decho et al. 
(2009) identified C8 and C10 in microbial stromatolite mats at concentrations that 
were several orders of magnitude lower with average concentrations of 12.43 nmoles 
g-1 dry weight (3174 ppb) and 0.028 nmoles g-1 dry weight (6.5 ppb), respectively. In this 
work, we quantified natural AHL concentrations in diatom-dominated biofilms and 
detected AHL concentrations that are in the range of the reported concentrations of 
Decho et al. (2009) (chapter 1). However, it should be stressed that species distribution 
of microbes in natural biofilm assemblages is highly heterogenous (Jesus et al. 2005) 
and it is likely that local concentrations of AHLs, as well as tetramic acids or 
quinolones, are a lot higher in clusters of AHL- or quinolone producing bacteria than 
the average concentrations reported in chapter 1. This heterogeneity in both 
compound distribution and concentration highlights one limitation of measuring 
compound concentrations in natural biofilms with “classical” analytical techniques. 
GC-and LC-MS(MS) methods allow high precision in compound identification but they 
do not provide information regarding the spatial distribution of chemicals within 
biofilms.  
One technique that can measure compound distribution in biofilms is mass 
spectrometry imaging (MSI), which combines microscopic visualization with high-
resolution compound identification by mass-spectrometry (Spengler 2015). As a result, 






bacteria (Spengler 2015). Using MSI, Davies et al. (2017) visualized distribution of the 
quinolones PQS, HHQ and NHQ in a P. aeruginosa biofilm. They scanned a biofilm area 
of 200 x 200 µM and detected that NHQ was the most abundant compound in the 
sample and that HHQ and NHQ were evenly distributed, whereas PQS was 
concentrated in one location (Figure 6.3). This local accumulation of PQS was unlikely 
to be due to a higher cell density in this region, because both HHQ and NHQ were not 
concentrated in the same spot (Davies et al. 2017). In addition, sections through this 
region of high PQS concentration could demonstrate that a high concentration was 
maintained with increasing biofilm depth. Even though MSI-techniques do not allow 
for a direct quantification, this study highlights that QS compounds can indeed be 
highly localized within biofilms.  
 
Figure 6.3 Distribution of HHQ, PQS and NHQ in a P. aeruginosa biofilm.TOF-SIMS analysis 
of a 200 x 200 m biofilm area shows that HHQ and NHQ are evenly distributed across the 
biofilm, whereas PQS is concentrated in one location (A). Depth profiling of the biofilm shown 
in panel (C) was carried out at a section crossing the location of high PQS concentration as 
indicated by the dotted line in panel (B). Graph was taken from Davis et al. (2017) 
 





When discussing QS compound concentrations in biofilms it is also necessary to 
mention how compound concentrations can be altered by biotic and abiotic factors, 
for example pH conditions. Dexter et al. (2000) grew marine biofilms in the laboratory 
by submerging small platinum surfaces in seawater from the Lower Delaware Bay and 
measured pH profiles with a microelectrode. Based on their measurements they 
concluded that pH conditions in marine biofilms were highly variable and steep pH 
gradients perpendicular and along the platinum surface were detected. Their 
measurements ranged from pH 8 at the biofilm surface, down to pH 2 at localized areas 
on the platinum surface (Figure 6.4) (Dexter and Chandrasekaran 2000).  
Figure 6.4 pH profiles in marine biofilms grown on a platinum surface. Four panels (A-D) 
indicate four different locations where measurements have been taken on the platinum surface. 
Y-axis indicates biofilm depth with “0” depicting the platinum surface. Biofilm had a thickness 
of approximately 100 m (Graph taken from Dexter ad Chandrasekaran (2000). 
 
What consequences do these variable pH conditions have on AHLs, tetramic acids and 
quinolones? Regarding compound stability under varying pH conditions, AHLs are the 
best studied group of compounds (Yates et al. 2002). As mentioned in the introduction 
alkaline pH conditions favor ring-opening of the lactone moiety of AHLs (=hydrolysis) 






formation of tetramic acids under varying pH conditions much less is known. 
However, Kaufmann et al. (2005) reported reaction kinetics of the decomposition of 
OXO12 into its hydrolysis product (OXO12 hydr) and its tetramic acid (TA12). These 
reaction kinetics were based on measurements taken in phosphate buffer at pH 7.4 at 
25°C. According to this model TA12 concentrations increase slowly over the course of 
150 hours (approx. 6 days) (Figure 6.5A). In contrast, we measured TA12 concentrations 
formed from 100 µM OXO12 in sea water with an average pH of 8.4 and detected a 
sharp increase in TA12 concentrations within the first 24 hours followed by a decrease 
(Figure 6.5B). These results could suggest that the degradation of OXO12 into TA12 is 
accelerated under more alkaline pH conditions. In addition, it also suggests that 
tetramic acids might be more stable under more acidic conditions because Kaufmann 
et al. report a steady increase in TA12 concentrations whereas we detected a decrease 
after 24 hours which could be due to the formation of untraceable water-soluble 
products from TA12.  
Figure 6.5 Rearrangement of OXO12 into TA12 under different pH conditions. (A) Model of 
OXO12 degradation into its hydrolysis product and its tetramic acid according to reaction 
kinetics provided by Kaufmann et al. (pH 7.4) (B) Actual measurements of TA12 
concentrations in seawater (pH 8.4) resultig from the spontaneous structural rearrangement of 
100 M OXO12. Note that values on the Y-axis have different scales. 
 
Regarding quinolones, it is known that they are heat-stable (Heeb et al. 2011) but no 
reports could be found regarding their pH stability. Nevertheless, the fact that patches 
of acidic pH were detected in biofilms suggests that AHLs would be more stable in 
these patches compared to the alkaline pH conditions in seawater.        
  





 Quinolones and tetramic acids as algicides  
In this study, a library of structural AHL-, TA and quinolone homologs was screened 
on diatoms from different aquatic habitats (P. tricornutum, C. closterium, S. robusta 
and A. minutissimum) to test if these compounds induced growth effects. Intriguingly, 
treatment with tetramic acids and alkyl-quinolones induced growth inhibition in the 
tested diatoms. Based on these results, two physiological studies were executed in 
chapters 3 and 4 to elucidate the mode of action of AHL-derived tetramic acids and 
alkyl-quinolones. While tetramic acids were demonstrated to hinder electron flow in 
PSII between QA and QB, a representative quinolone, HHQ, was shown to target the 
cytochrome b6f complex with only secondary effects on PSII. Interestingly, HHQ also 
hindered energetic coupling between mitochondria and the chloroplast suggesting 
that the compound also inhibited mitochondrial respiration.   
A recent review by Meyer et al. (2017) lists 39 algicidal compounds produced by 
bacteria which belong to different chemical classes highlighting that antagonistic 
interactions between bacteria and microalgae are not rare. However, it is noteworthy 
that some antagonistic interactions between microbes are not antagonistic per se but 
undergo certain dynamics. The pathogen P. aeruginosa for instance, has been reported 
to lyse Staphylococcus aureus under low iron conditions to scavenge iron from this 
competitor (Harvey et al. 2016). A similar behavioral change has been observed in the 
bacterium Phaeobacter gallaeciensis (Seyedsayamdost et al. 2011). P. gallaeciensis is a 
roseobacter species that is often found in association with microalgae and produces 
antibiotics and auxins to protect its algal host from pathogenic bacteria and to 
stimulate algal growth. However, upon algal senescence the bacterium perceives p-
coumaric acid, an algal lignin breakdown product, as a chemical cue to start producing 
roseobacticides, potent and selective algicides. Killing the alga during senescence is 
likely to provide the bacterium with a plentiful food source. Hence, ultimately the 
release of these algicidal compounds is most likely to give bacteria a quick access to 
nutrients that might have become scarce in the environment.   
In a biofilm scenario the production of potent algicides, like quinolones or tetramic 
acids, could provide bacteria with a chemical weapon to keep microalgae at bay. Space 
in a biofilm is limited and biofilms are highly heterogenous, for instance in regard to 
species composition and pH (Dexter and Chandrasekaran 2000; Jesus et al. 2005). 






to competition between bacteria and microalgae. Furthermore, AHL-derived tetramic 
acids have been demonstrated to have antimicrobial effects against gram-positive and 
certain gram-negative bacteria, which is why it was suggested that production of TA12 
might protect the human pathogen P. aeruginosa from encroachment of competing 
bacteria (Lowery et al. 2009). Thus, a similar effect is plausible in marine biofilms as 
well with the only exception that not only competing bacteria but also microalgae like 
diatoms would be negatively affected. In addition, Harvey et al. (2016) hypothesized 
that production of quinolone compounds like HHQ by marine bacteria could play a 
role in regulating primary production by altering bacteria and phytoplankton 
composition, for example during an algal bloom event when bacterial densities are 
comparably high.  
 AHLs as interkingdom signals between bacteria and 
diatoms  
In the past, studies have demonstrated that AHLs can function as a so called 
“interkingdom signal”, a term that describes the phenomenon that eukaryotes can 
respond to prokaryotic signaling molecules. In plants for example, AHLs induce 
diverse physiological responses including upregulation of defense mechanisms, 
alteration of root morphology or growth stimulation (Schenk et al. 2014). In 
comparison, we know much less about AHL perception in algae. Nevertheless, it has 
been demonstrated that zoospores of the seaweed Ulva respond to AHL-producing 
bacteria by reducing their swimming speed suggesting that they perceive AHLs as a 
sign for a good location to settle.        
Seminavis robusta is a benthic, biofilm forming diatom which is surrounded by bacteria 
in its natural habitat making it an ideal candidate to study transcriptional changes 
induced by AHLs. In addition, a previous screening with synthetic AHLs had shown 
that some induced visible growth responses, i.e. C14 induced growth stimulation, 
whereas OXO14 and its tetramic acid rearrangement product, TA14, led to growth 
inhibition. Structurally, C14 and OXO14 only differ in one substitution at the acyl side 
chain, yet both compounds induced opposite growth effects in the diatom. This 
observation was intriguing which is why C14, OXO14 and TA14 were chosen to study 
how structural AHL-homologs and a TA-derivative modulate gene expression in a 
diatom.   





The expression pattern of several metabolic pathways in the OXO14 and the TA14 
treatment was similar. For example, in both treatments fatty acid biosynthesis was 
downregulated while fatty acid degradation was upregulated indicating a switch in 
lipid metabolism. Interestingly, treatment with OXO14 and TA14 caused additional 
metabolic changes which were unaffected in the C14 treatment. For example, two 
highly conserved genes of the glyoxylate cycle were upregulated and multiple 
photosynthesis related genes were differentially expressed. This observation led to the 
hypothesis that all these metabolic changes were connected. A reduced 
photosynthetic efficiency, for example, probably resulted in a decreased production 
of ATP and NADPH, the end products of the photosynthetic light reaction.  A decrease 
in energy supplied by the photosynthetic light reaction could in turn result in a 
decreased rate of carbon fixation thereby causing a decrease in intracellular 
carbohydrate levels. However, diatoms need carbohydrates like glucose and chitin for 
several processes, for example to build their cell wall and maintain cell growth. 
Furthermore, S. robusta is a motile diatom and OXO14 and TA14 treatment were 
harmful to the alga which could trigger the diatom to “move away” from these 
molecules. However, cell motility requires energy and the production of 
carbohydrate-rich EPS to slide on. This apparent loss of energy by the OXO14 and the 
TA14 treatment has some similarities with the response of Ulva zoospores to AHL 
treatment. Ulva zoospores react with a reduction in swimming speed (= chemokinesis) 
upon sensing AHLs in its environment. Notably the strongest response has been 
reported for OXO12, which is structurally very similar to OXO14 (Wheeler et al. 2006). 
Since cell motility requires energy it is possible be that sensing OXO12 also induced a 
metabolic change in the zoospore which eventually resulted in reduced energy levels 
for cell motility.  
In contrast, C14 induced growth stimulation and upregulation of many genes involved 
in intracellular signaling. For example, we identified upregulation of genes encoding 
proteins able to perceive extracellular signals and several genes which are likely 
involved in the downstream signaling cascade. While a fraction of these genes was also 
upregulated in response to OXO14 and TA14 the number of upregulated genes in the 
presence of C14 was 1.5-1.8-fold higher. This finding was similar to a previous study by 
Durham et al. (2017) who detected an induction of a putative diatom signaling cascade 
when the diatom Thalassiosira pseudonana was co-cultured with the bacterium 






bacteria attached to diatom cells was relatively low, ruling out that the signaling 
response was a result of physical attachment but rather a response to a diffusible 
chemical released by the bacterium. Regarding growth stimulation by bacterial 
compounds, a similar effect has been observed in plants treated with plant growth 
promoting bacteria (Spaepen and Vanderleyden 2011). Inoculation with these bacteria 
resulted in a larger root surface area, an effect which has been largely attributed to 
bacterial auxin production.   
To date, knowledge on molecular responses to AHLs in microalgae is very limited. 
Meanwhile detailed studies in plants exist showcasing diverse responses these 
bacterial signaling compounds which have led some researchers to hypothesize that 
an AHL receptor in plants might exist (Palmer et al. 2014). However, until today no 
evidence for eukaryotic AHL receptors has emerged even though it has been 
hypothesized that A. thaliana might sense AHLs via G-protein coupled receptors (Liu 
et al. 2012). However, the fact that AHLs are lipidic signaling molecules make it also 
likely that a potential receptor would be intracellular because AHLs are able to cross 
cell membranes (Hughes and Sperandio 2008). Nevertheless, this study presents a first 
insight into transcriptional changes of a benthic diatom to AHLs and a tetramic acid 
rearrangement product. Our data demonstrate that S. robusta responds differently to 
AHLs compounds with high structural similarity meaning it can differentiate between 
molecules which only differ in one substitution on the acyl-side chain.  
  





 Conclusion and future perspectives 
In this thesis, we studied QS-mediated interactions between diatoms and bacteria and 
provided evidence that AHLs are present in diatom-dominated biofilms. In addition, 
we could show that AHL derived tetramic acids and alkyl-quinolones possess algicidal 
properties and demonstrated their mode of action. Finally, we also presented the first 
molecular evidence that exposure to AHLs induces differential gene expression in the 
diatom S. robusta.  
Nevertheless, future studies are needed to shed more light on QS-mediated diatom-
bacteria interactions. While alkyl-quinolones seem to predominantly induce algicidal 
effects, we only observed visible growth effects in a fraction of the tested AHLs. Since 
most of these compounds were not tested further it is still unclear if diatoms have 
ways to respond to these AHLs that could not be observed by their growth response. 
Ulva zoospores, for example, respond to AHLs by reducing their swimming speed, thus 
perhaps AHLs can also alter motility in diatoms, a feature that was not tested in our 
growth assays.  To test if motile diatoms are attracted or repelled by a local source of 
highly concentrated AHLs, assays with coated beads, similar to those used in studies 
on silicon starvation and chemical attraction of S. robusta to the sex-pheromone 
diproline, could provide new insights. Over the past years this bioassay has been 
optimized and scripts exist for the computational analyses making it highly adaptable 
to screen compounds other than diproline (see PhD thesis of Elias Bonneure). 
To make the experiments more complex and resemble natural conditions more 
closely, one could also set up co-cultures with AHL producing bacteria and diatoms. 
These experiments could either be done with isolates where AHL production was 
identified or AHL-producing marine bacteria that are already known, such as Vibrio. 
Similar to the study by Joint et al. (2007) experiments with bacterial mutants, unable 
to produce AHLs, could serve as controls. In this experimental set-up cell proliferation 
of both, diatoms and bacteria, could be followed by flow cytometry as well as their cell 
biology (e.g. cell size, cell cycle etc.). It would also be possible to grow biofilms of 
diatoms with AHL-producing bacteria and observe them with via mass-spectrometry 
imaging to see if AHL-producing bacteria form clusters which could result in 
accumulation of chemical gradients of QS molecules. In combination with PAM-
fluorometry it is also feasible to check if locations of high AHL concentrations affect 






Finally, the fact that tetramic acids an quinolones have been shown to be potent 
algicidal agents could make them potential candidates as anti-fouling agents. As 
mentioned in the introduction, biofouling causes high economic losses in the marine 
industry making environmentally friendly anti-fouling agents highly desirable. 
Similarly, studies on a range of indole-derivatives on diatoms, bacteria and other 
fouling organisms have been done in the past which showed that halogenated indole 
derivatives were very potent anti-fouling agents (Yang et al. 2014; Yang et al. 2015). 
Thus, synthesis of a range of derivatives, especially halogenated derivatives, could be 
done to test the potential of tetramic acid and quinolone derivatives as anti-fouling 
agents. However, next to diatoms these experiments should also include other fouling 
organisms.  
These are just a few examples for future directions in this field of research, influenced 
by instruments and methods that have been developed in our lab and current 
problems in the marine economy. However, new technologies, such as mass 
spectrometry imaging or single cell metabolomics, now allow to zoom into the 
microscale with increasing precision which could also provide exciting novel 
approaches to study these interactions.  
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